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Introduction
People like to express enthusiasm with extremes: biggest, smallest, fastest, highest
etc. When it comes to technology and consumer market, having the smallest
gadgets with highest performance is the thing everybody wishes for. The evolution
from the initial computer filling a large room to the current small laptops and
smart phones that fit in the palm of your hand and are being even more powerfull
in performance is due to the possibility of integrating an ever larger number of
transistors on a chip, increasing performance and decreasing costs. A smart phone
you can buy today is much faster and much smaller than the computer for which
you paid almost a fortune not longer than 15 years ago. This is the silicon-based
revolution.
Silicon, as enabler of the current information age, keeps running high. What
keeps it so attractive for the electronics technology draws on various facts, such as
unlimited resources, availability of a superb natural insulator (SiO2), good thermal
and mechanical properties and, as a result of the unprecedented technological
and scientific efforts invested over decades, the extraordinary progress reached
in material assets, e.g, the extremely high level of purification. Yet, while still
accounting for more than 95% of the whole electronics market, based on the CMOS
and integrated circuit concepts, Si-based technology needs to drastically improve
on short terms in order to delay the so-called “red brick wall” [1], projected to
“ghost up” soon due the relentless aggressive scaling –the basic pillar in boosting
performance– entering the (sub) nm range. Revolutionary redirectioning would
imply, among others, the introduction of alternative materials, such as both low
and high-κ insulators in replacement of the classic SiO2. Without doubt, one
element that would drastically add to stretch the all-Si dominance would be the
ability to produce optically active parts based on Si and integrate them with the
existing industrial production lines. It would enable to realize in an inherent way
the unconditional optical branch in the integrated circuit technology with minimal
impact on the current production lines, and hence, production costs.
Being able to tune the optical properties of silicon by controlling the size is a
breakthrough achieved over the last two decades. Si nanoparticles (np’s) have
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emerged as a pursued solution, combining adequate mechanical strength (when
embedded in oxides) with good optical properties, thus opening the route to
achieve outstanding realizations such as Si lasers and quantum computers [2],
with integration of optical components into the current Si-based semiconductor
technology [3]. The Si np’s are also introduced in complementary metal-oxide-
semiconductor (CMOS) technology [4, 5], flash memories [6], and photovoltaic
applications [7]. This makes the synthesis of Si np’s of controlled size and
particle/matrix interface quality of both fundamental and technological interest.
Routinely, Si np’s are embedded in SiO2 as it enables realization of the high quality
interface it naturally forms with Si.
But over the rollout of the Si-era, the silicon heterostructure based device
development has been hampered by defects in all possible forms such as constituting
charge traps when electrically active or decreasing mechanical or optical properties.
With the current evolution, this keeps being true not less than ever before. The
smaller the components grow, the larger the interface area-to-volume ratio, with a
projected growing relative impact of interface defects as consequence. Point defects
are blamed (some demonstrated, some hinted) for virtually all electrical and optical
imperfections, so understanding how, why, and where they appear, and, as epitome,
revealing their atomic nature, would provide us with a solid advantage in the fight
for suppressing their presence or influence.
In the half century since its invention by Zavoiskii [8], ESR emerged as a noninvasive
technique to provide detailed information on a variety of paramagnetic defects
occurring in organic and inorganic, gaseous, liquid and solid systems. The multitude
of systems to which the technique is applicable and the underlaying clear insight
into its fundamental concepts based on quantum mechanics make ESR a most
powerful fundamental research technique. It has proven to be very useful not
only for physics but also for chemistry, biology, geology etc. When it comes to
paramagnetic defects, ESR provides the keys. One of the most powerful features
of ESR is that it can sense defects at an atomic level in a solid.
The aim of this thesis is to extensively investigate, using ESR, Si nanoparticles
embedded in a-SiO2 from sizes of ∼5 nm down to 4-5 Si atoms manufactured by
different methods. Using unpaired electrons in the sample structure we can “see”
the atomic surrounding and get an accurate picture of the crystallinity of the Si
nanoparticles and the quality of the embedding matrix.
Chapter 1 includes a short overview of the main ESR principles and the features
used to extract useful information within the context of the presented work. Point
defects in a-SiO2 known from previous ESR investigations and encountered in the
structures presented in this thesis are briefly discussed next, emphasizing their
salient parameters.
Chapter 2 presents an extensive ESR analysis (X, K, and Q-band spectrometers,
combining two detection modes) on structures composed of Si nanoparticles (2 nm
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across and larger) embedded in a-SiO2 matrix obtained by annealing of SiO/SiO2
superstructures. As one result, it will be shown that in fact the Pb0 point defects
at the nanocrystal (nc-)Si/SiO2 interface, when paramagnetic, are responsible for
quenching photoluminescence (PL).
Chapter 3 deals with the results of the ESR study on the influence of in situ
ultrasound treatment (UST) during implantation at 300 K of Si+ ions into thermal
SiO2 on (100)Si before and after subsequent high-T annealing (1100 ◦C) intended
to promote formation of embedded Si nanoparticles.
While the previous chapters deal with Si nanoparticles embedded in a-SiO2, in
Chap. 4 we will address a case of a very small nanoparticle, consisting of only 4-5
Si atoms that is, the E′δ point defect, member of the particular class of intrinsic
O-vacancy related point defects in a-SiO2, an E′ variant. Since its first observation
in 1986, for this paramagnetic center no definitive model could yet be conceived by
the scientific community. Using multi-frequency ESR measurements at different
temperatures we are addressing the E′δ spectrum in pertinent detail. A main
aim is to assemble a meaningful statistical set of data on the relative intensity of
the resolved 29Si hf interaction to provide a solid ground for decisive E′δ atomic
modeling. The results point to a configuration of an unpaired electron delocalized
at the place of a 4- or 5-Si mini-cluster.
So, all outlined chapters can be considered as dealing with the investigation of
point defects that appear when Si nanoparticles are embedded in a-SiO2, from a
size of 4-5 nm down to 4-5 Si atoms.
The most important conclusions as well as ideas for future work related to the
studied subjects are summarized in the final section.

Chapter 1
Electron spin resonance
investigation of paramagnetic
point defects
With decreasing size of electronic and optic components the relative influence of
(interface) point defects on performance and reliability increases dramatically. The
aim of this thesis is to assess, characterize, and identify the different point defects
present and their influence on nc-Si/SiO2 structures obtained by various techniques.
Additionally, by means of an in-depth ESR study, we will also address the atomic
nature of the E′δ point defect occurring in O-deficient SiO2 for which an atomic
model is still elusive.
The most detailed atomic-scale models of point defects generally derive from
probing them by ESR [9], of which the results can then be linked with other
spectroscopic results obtained experimentally or theoretically. When it comes to
atomic scale assessment of defects, ESR offers the ability to detect and register the
unpaired electrons wave function interaction with the surrounding (other unpaired
electrons and nuclei), thus giving not only a picture of the nearby atoms but also
an indication of the crystal field pattern around the paramagnetic center.
Detailed information on the ESR principles and applications can be found in many
books and review articles that extensively describe both theory and technique
[10, 11, 12, 13]. In the next paragraphs, a brief description of ESR is given to
provide the reader with working knowledge on how information has been extracted
and interpreted within the framework of this thesis.
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1.1 Electron Spin Resonance
Electron spin resonance is the study of spin transitions, generally, between two
adjacent Zeeman levels resonantly induced by absorption of microwave photons
of which the energy hν equals the difference between the two Zeeman levels. The
Zeeman splitted electronic levels are the result of the interaction of the electronic
magnetic moment with a magnetic field and the gap is equal to the energy needed
to reorient the electronic magnetic moment −→µ in the effective magnetic field −→B
(the sum of externally applied field B and the local field Bl) at the electron, along
the classical interaction:
E = −−→µ · −→B . (1.1)
For a free electron with spin angular moment ~−→S , where 2pi~ is Planck’s constant,
we have:
−→µ = −geβB−→S , (1.2)
where βB is the Bohr magneton and ge the spectroscopic splitting factor (commonly
simply referred to as the g-factor) of the free electron. We note that the electronic
magnetic moment is antiparallel with the angular moment. If taking into account
both the spin angular momentum of the electron and the orbital angular momentum
~
−→
L due to its motion around the nucleus,
−→µ = −µB(ge−→S +−→L ), (1.3)
and, the quantum mechanical Zeeman Hamiltonian term is given as
HZ = µB(ge−→S +−→L ) · −→B, (1.4)
which can be rewritten as:
HZ = µBg−→J · −→B = µBgJzB, (1.5)
where −µBg−→J is the overall magnetic moment, µB the Bohr magneton, and g the
effective (Lande´) g factor. The total angular momentum −→J = −→S + −→L may take
the values |L-S| , |L-S+1|, ... , |L+S-1|, |L+S|, where the lowest energy state is that
with either the minimum (lower half of an unfilled shell) or maximum (upper half)
J value. For the particular J, the magnetic quantum number mJ corresponding to
Jz takes the values -J, -J+1,..., J, so the gap between each two consecutive energy
levels is
∆EZ = gµBB. (1.6)
Under the selection rule ∆mJ = ±1, as applying for inter level induced transitions
by photon absorption, this gives rise to the resonance condition:
hν = gµBB. (1.7)
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In solids the electronic orbital motion interacts strongly with the crystalline (c-)
electric fields and becomes decoupled (a phenomenon called ‘quenching’) from
the spin so, the g value gets closer to the free electron value ge = 2.002319 [10].
Generally, the interaction energy of a spin system in a magnetic field −→B includes,
besides the Zeeman term, more interactions which may significantly depend on the
actual spin system. It is more accurately described by the spin Hamiltonian, for
which a simplified form is:
HS = µβ−→B · gˆ · −→S +−→I · Aˆ · −→S +−→S · Dˆ · −→S +Hcf + ..., (1.8)
thus respectively written as the sum of the Zeeman term, the hyperfine (hf) (for
I 6= 0) interaction, the spin-spin interaction (S > 12 ; fine structure or zero-field
splitting term), and the crystal field energy. Here, I represents the nuclear spin
and gˆ, Aˆ, and Dˆ are the corresponding matrices (dyadics).
g values
With such overall complex interaction, the field symmetry is rarely spherical at the
unpaired electron, resulting in the fact that g value has to be replaced by a matrix
gˆ, which, however, is always diagonalizable along the principal axes (x, y and z).
In an orthorhombic system, the principal values are sometimes renamed as g1≥ g2
≥ g3. In the case of axial symmetry, z is conventionally taken as the symmetry
axis, thus:
g‖ = gz
g⊥ = gx = gy. (1.9)
Using the principal g values and θi, the angle that the principal axis i (i = x, y, z)
makes with the magnetic field direction, the effective g value gc can be written as:
gc =
√
g2x cos2 θx + g2y cos2 θy + g2z cos2 θz. (1.10)
In an axial symmetric case, the equation can be simplified as:
gc =
√
g2‖ sin
2 θ + g2⊥ cos2 θ. (1.11)
A crystalline surrounding is allowing only specific orientations of a defect structure,
and hence, also of the associated unpaired electron wave function, producing angle
dependant signals (gc), one for each allowed defect orientation, as in the case of, e.g.,
Pb-type point defects at the Si/SiO2 interface. In an amorphous or polycrystalline
system, defects, and hence the unpaired electron wave functions are randomly
oriented and the spectral properties are averaged over all possible orientations of
the defect, giving rise to an angle independent powder pattern.
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1.1.1 Hyperfine interaction
The hyperfine coupling constant A is a measure of the electron hf interaction with
the surrounding nuclei with a nuclear spin I 6= 0, resulting, for interaction with
one nuclear site, in a splitting of the main resonance line into (2I+1) ESR signals.
The hf interaction is generally anisotropic and the hf interaction matrix Aˆ can be
written as
Aˆ = Aiso1ˆ + Tˆ , (1.12)
that is, the sum of the isotropic hf interaction matrix Aiso1ˆ and of the anisotropic
hf interaction matrix Tˆ . The first term corresponds to the isotropic Fermi-contact
interaction and the second one to the anisotropic electron nuclear dipole-dipole
coupling. The Fermi-contact Hamiltonian Hf can be written as
Hf = Aiso−→S · −→I , (1.13)
where
Aiso =
2
3µ0geβBgNβN |Ψ0(0)|
2, (1.14)
and where µ0 represents the permeability of free space, βN the nuclear magneton,
gN the nuclear g factor, and Ψ0(0) the ground state electron wave function at
the interacting nucleus. From Eq. 1.13 it is evident that the measurement of the
isotropic hf interaction may result in the determination of the probability density
of the electron at the site of the interactive nucleus of the chemical identity if the
nucleus is known. Obviously, there is only an Aiso contribution for the s-state wave
function of the magnetic nucleus.
The electron nuclear dipole-dipole coupling Hamiltonian Hdd can be written as
Hdd = µ04pigeβBgNβN [
(3−→S · −→r )(−→r · −→I )
r5
−
−→
S · −→I
r3
] = −→S · Tˆ · −→I , (1.15)
where −→r is the average distance vector between the electron and the nucleus.
For most of the hf structure of point defects confronted within the current thesis,
in fact with what concerns the ESR work on the basic semiconductors in general,
the unpaired electron wave function can, to a good approximation, be considered
as a sp-hybrid, i.e., composed of s and p orbitals only. It applies to the analysis of
defects in solids with conduction and top valence bands made up by sp3 hybrid
orbitals. Then, in the LCAO (linear combination of atomic orbitals) approximation
the ground state wave function of the unpaired electron orbital can be written as
Ψ0(−→r ) =
∑
i
ηiΨi(−→r ) =
∑
i
ηi[αi(Ψs,i(−→r )) + βi(Ψp,i(−→r ))], (1.16)
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where Ψi(−→r ) are sp-type hybrids at nuclear sites i composed of the atomic s-state
Ψs,i(−→r ) and p-state Ψp,i(−→r ) orbitals, and where normalization requires
∑
i η
2
i = 1
and ∀i, α2i + β2i = 1; the sum
∑
i runs over all (identical) nuclear sites where the
wave function has an appreciable density. Here, η2i is the wave function density at
the i-th nuclear site, and α2i and β2i represent its s and p character, respectively.
The restriction to s and p type orbitals implies that the hf matrix Aˆ is majorly
axially symmetric. In general, principal values of Aˆ can be written in terms of an
isotropic (Aiso) part (s part: Fermi contact interaction), an anisotropic (b) part (p
part: dipolar interaction), and an orthorhombic (c) part (deviation from perfect sp
character:
A1 = Aiso + 2b (1.17)
A2 = Aiso − b+ c (1.18)
A3 = Aiso − b− c. (1.19)
Within the assumption of a perfect sp3 hybridization (c = 0), the combination of
Eqs. 1.8, 1.13, 1.15, and 1.16 renders:
| < Ψs,i|Ψ0 > |2 = η2i α2i =
Aiso,i
As
(1.20)
| < Ψp,i|Ψ0 > |2 = η2i β2i =
bi
Ap
(1.21)
1 = α2i + β2i , (1.22)
where As and Ap are, respectively, the atomic s and p-state hf coupling constants,
inferred from theory. Thus the LCAO analysis of the hf interaction presents a
simple method to investigate the localization (η2i ) of the electron wave function on
an atom i and extract the s (α2i ) and p (β2i ) character of the orbital composition
of the unpaired electron.
For axial symmetry, the relationship between the principal values of hf coupling
constants and the measured values A‖ and A⊥ is given as
Aiso =
A‖ + 2A⊥
3 (1.23)
Aaniso =
A‖ −A⊥
3 , (1.24)
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Table 1.1: The values of Rhf , the ratio of the hf structure intensity to that of the
main resonance line, calculated using Eq. 1.25. Here, P29 represents the probability
for the occurrence of only one 29Si (η = 4.67 %) over the n possible sites, while
P28 is the probability for none. R∗hf is the exact value of the ratio for all the
combinations of the two isotopes.
n P29 P28 Rhf R∗hf
1 0.047 0.953 0.049 0.049
2 0.089 0.908 0.098 0.098
3 0.127 0.866 0.147 0.147
4 0.162 0.825 0.196 0.195
5 0.193 0.786 0.245 0.243
6 0.221 0.749 0.294 0.290
where Aaniso is a measure of the hf coupling anisotropy. When expressed in
magnetic field units, it is conventional to use the symbols aiso and aaniso, now
referred to as hf splitting constants.
The ratio Rhf (η, n) of the intensity (area under absorption curve) Ihf of a hf
multiplet to that of the central main (Zeeman) signal Ic, is reflecting the distribution
of the unpaired electron wave function (spin density) over the defect’s constituent
atoms –not always paid sufficient attention to when the ESR sensitivity is limited.
This ratio is a function of η, the (natural) abundance of the hf-originating nuclear
isotope, and n, the number of such atoms in a shell of equivalent sites with which
the unpaired spin is interacting. With η known, inferring n provides a basic clue
to convincing atomic modeling.
The correct determination of Rhf (η, n) for small η values is given to a good
approximation by the expression
Rhf =
Ihf
Ic =
ηn(1− η)n−1
(1− η)n =
ηn
1− η , (1.25)
which is restricted to the occurrence of only one I 6= 0 isotope in a shell. Values of
the intensity ratio Rhf calculated along Eq. 1.25 for the interaction with n Si atoms
are listed in Table 1.1. P29 represents the probability for finding one 29Si isotope
in a shell, while P28 is the probability of all atoms being 28Si (I = 0) nuclei.The
value R∗hf is calculated taking into account all the possible combinations of 28Si
and 29Si isotopes in a cluster of n Si atoms. A difference between the former and
the latter values is observed only for higher n values, reaching 0.4 % for n = 6.
Thus, we can safely use in further work the easier to calculate Rhf value.
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1.1.2 ESR detection modes
ESR signals are measured as the microwave power Pµ absorbed by the sample at
resonance. As it is often the case (point defects are often present in a low density
∼ 1012 per sample), utmost sensitivity is required from the ESR, mandating an
optimized design. The “bridge” method [13] consists in placing the sample in a
resonance cavity to enhance, using the high quality factor Q of the cavity (even
&10000), the microwave field amplitude Bµ at the sample site. The detected
absorption measures χ′′ (imaginary part of the complex susceptibility) induced by
the resonance.
In a classical way, the magnetic resonance phenomenon can be very convincingly
described by the phenomenological Bloch equations. As solved, these are are only
valid in the stationary state, i.e., thermal equilibrium, so, to avoid or minimize
“passage” effects, the external field must be slowly varied as to allow the continuous
adaptation of the energy levels system (quasi-stationary). For narrow lines (long
spin-lattice relaxation time T1) the passage has to be slow enough and the power
sufficiently low not to saturate and, correlated herewith, deform the signals, thus
hampering sensitivity. As commonly used, sensitivity can be drastically enhanced
by applying the lock-in technique. So here, instead of χ′′(B) we measure its first
derivative dχ
′′(B)
dB . This is performed by superimposing on the static magnetic field−→
B a small field, −→Bm = −→e BBmcosωmt, oscillating along the same axis, referred to
as modulation field. The amplitude of the modulation field has to be adapted to
the broadness of the signal and the frequency is usually taken to be around 100
kHz not to affect the slow passage condition.
The ESR spectrometer sensitivity is influenced by many factors, including the
microwave power, detection system and the spectrometer band (observational
frequency), the unpaired electron system in the sample and the loaded cavity
sample response. A typical detection limit is <1 × 1011 spins per sample, but
this level depends very much on the saturability, the width of the signal, and
observational temperature.
In the case of highly saturable centers, appropriately decreasing Pµ is decreasing
the sensitivity and in some cases (e.g., the Bruker Q-band set up described later
in this chapter) even the spectrometer stabilization cannot handle the required
low power level. While not yet fully theoretically understood, empirical evidence
[14, 15] indicates that the second harmonic out of phase detection mode [16]
allows for higher values for Bm and Pµ, while showing the absorption shapes of
the saturated signals and the second harmonic of the unsaturated ones (e.g. the
markers). The shape and peak position of the high power second harmonic out of
phase signals correspond to the absorption spectra and gc values of the correctly
measured dPµ/dB ones, respectively, and thus can be used for signal attribution
and identification purposes. Yet it cannot be used for reliable intensity calibration
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[14, 15]. For the same spectrometer parameter settings, some signals saturate more
than others, even in the same sample, resulting in different amplitudes of their
corresponding second harmonic spectra, one reason for which the intensity of a
saturated signal can never be trusted in inferring accurate densities. However,
centers pertaining to the same family show similar saturation behavior [17] and a
relative comparison can sometimes be made, but one has to be careful.
1.1.3 Spectrometers
Four ESR spectrometers were used to measure the different samples in the studies
presented in the next chapters. The most used one is a K-band (ν ∼ 20.5 GHz)
spectrometer built in this laboratory with very high sensitivity especially at low
temperatures and it can also operate at very low microwave power (even ∼ 10−12 W)
enabling a correct detection of weak and/or very saturable signals. It is equipped
with a liquid He bath cryostat, allowing sample temperatures between 1 and 300
K, but it is used usually for measurements at 4.2 K. The same construction can
be also equipped with a home-made X-band (ν ∼ 8.9 GHz) modulus. The other
two spectrometers, a commercial Bruker EMX Q-band (ν ∼ 33.9 GHz) and a
Jeol JES-FA 100 X-band, are equipped with a liquid He and N2 flow cryostat,
respectively, allowing a good temperature control down to ∼10 K for the first and
∼200 K for the latter. The Jeol X-band was mostly used at room temperature
(RT).
Each of the four systems is equipped with a cylindrical TE011 microwave reflection
cavity, routinely driven in the absorption mode under conditions of slow adiabatic
passage. All the four spectrometers were used in the low power first harmonic
as well as in the second harmonic out-of-phase detection mode. The modulation
amplitude was chosen not to distort the narrowest signal in a spectrum but also to
obtain good signal-to-noise ratio. Other parameters that influence the quality of the
measured signals are the time constant of the lock-in detector, the analog-digital
conversion time, number of data points (usually 1024), all affecting especially
narrow lines, and the receiver gain which affects only the absolute amplitude of the
signals. The spectrometers averaging capabilities are extensively used to improve
the signal-to-noise ratio. While typically 100-200 scans were usually sufficient, in
the case of the very low density signals like the E′δ hf discussed in Chap. 4 up to
10000 scans were added to obtain a good spectrum.
The main difference the spectrometer band is bringing is that the g-spread induced
line broadening is smaller for low microwave frequency than for higher frequency
(e.g., in Q-band it is enlarged by ∼ 3.6 × compared to X-band), as it comes out
of the resonance condition in Eq. (1.7). The splitting of the hf signals, however,
remains constant since it is not influenced by the externally applied magnetic field
to first order. Thus, using at least 2 different observational frequencies (bands) is
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enhancing deconvolution chances as well as the reliability of inferred parameters
through simulation.
1.1.4 Signal lineshapes
Besides its magnetic field position (gc) and hf splitting, an ESR first derivative
absorption signal (dPµ/dB) is characterized by its peak-to-peak width ∆Bpp and
lineshape, which, when correctly interpreted, can offer useful information about the
local atomic field distribution and intensity. The common lineshapes in the study
of point defects are Gaussian, Lorentzian and Voigt, a convolution of Lorentzian
and Gaussian profiles, resulting in an intermediate shape between the first two.
The kind of dominant broadening (or narrowing) mechanism of the unsaturated
undistorted ESR signals gives rise to one of the above lineshapes, also influencing
the line width ∆Bpp. The spin-lattice relaxation time is primarily influencing the
signal intrinsic broadening because of the Heisenberg-type relationship it has with
energy (∆E · ∆t ≥ ~2 ). Thus a short relaxation time leads to a “smearing out” of
energy involved, transposed in a broader intrinsic ESR line width.
When the magnetic field differs slightly from defect site to site, only a small
fraction of centers is simultaneously in resonance for a particular field value as
the external magnetic field is swept, giving rise to a superposition of individual
components slightly shifted, producing a Gaussian lineshape. Main origins for
such inhomogeneity include anisotropic interactions in solid, among randomly
oriented systems and unresolved hf structure, or even undesired inhomogeneity of
the external magnetic field (large samples).
In the case of an homogenous broadening, the instantaneous magnetic field is
homogenous over the whole spin system but changes from one moment of time to
the other (static and time averaged fields are uniform for all spins), resulting in a
signal of Lorentzian lineshape. This broadening mechanism is determined by the
spin-spin interaction, occurring in all but most dilute samples.
1.1.5 Signal intensity
The intensity (area under absorption curve) of the ESR signal I ∼ χ, which enables
direct determination of the number of unpaired spins (defects) Ns in the sample
spin system present. It is a highly esteemed capability, with much diagnostic value,
of the conventional ESR technique. Yet, as is the case in general for any ESR signal
measurement, the response appearance may be affected by many spectrometer
parameters and settings. If not handled correctly, some may, often inadvertently,
distort signals in an unacceptable way. So, as discussed below, one has to be
very cautious when aiming correct determination of defect densities. As amply
demonstrated, there is no doubt that the method of co-mounted reference sample is
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the method of choice, leading to the most accurate and reliable results. Then, many
of the variables affecting signal intensity cancel. In this approach, a (usually small)
marker sample is mounted together with, usually next to, the studied sample in the
cavity, and its number of spins Nref is used as reference to calculate the density of
the sample spin system. It gives accurate numbers (unlike using absolute signal
intensity), allowing one to neglect the influence of parameters like Q or absolute
value of incident Pµ –both samples, if mounted together, are affected in the same
way. It is the method customarily applied in this work.
Under conditions of no significant saturation and overmodulation, the number of
spins(defects) Ns is then given by
Ns =
Is
Iref ·Nref ·
g2ref
g2s
· Sref (Sref + 1)Ss(Ss + 1) ·
< B2µ >ref
< B2µ >s
· T− (TC)sT− (TC)ref · f, (1.26)
where < B2µ > is the sample (marker) averaged value of the square of the applied
microwave magnetic field amplitude and the factor containing T accounts for
(possible unequal) temperature dependances of the spin systems involved, here
both supposed to exhibit Currie-Weiss paramagnetism. The intensities are obtained
usually by integration of fitted computer simulations of each signal, but also direct
integration of the measured lines is usable in the absence of signal overlapping. The
absolute number of spins Nref producing the reference signal has to be independently
obtained. The factor f becomes 1 when both the unknown and reference signals
are measured in the same scan, otherwise, when the signals compared are obtained
from different scans (spectra) it has to be calculated as:
f = (δBs)
2
(δBref )2
· (Pµ)
2
ref
(Pµ)2s
(Bm)ref
(Bm)s
Gref
Gs
. (1.27)
Here δB indicates the sweep width of the spectrum from which the corresponding
signal intensity is calculated and G is the used receiver gain. Unless the division of
the output spectrum by the number of scans is done in the spectrometer program
itself, as the Jeol spectrometer does, but instead, it just adds the different scans,
the intensity of each signal has to be normalized by the corresponding number
of scans performed before using Eq. (1.26). For the intensity comparison to be
reliable when the two signals are not registered in the same sweep, it is important
to emphasize that both the sample and marker signals have to be measured closely
in time, one after the other, thus minimizing the quality factor changes.
Finally, proper corrections have to be included regarding the position of the
unknown and marker sample relative to each other and relative to their positioning
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Figure 1.1: The relative position of the studied sample (red) in the cylindrical
TE011 microwave cavity (blue) with characteristic lengths indicated.
in the cavity (the marker is almost always point like). It may be termed the
shape-position correction factor, which is very important to take into account. It
stems from the fact that the power absorption, and hence ESR signal intensity, is
proportional to the square of the actual microwave magnetic field component (Bµ)
at each point:
I ∝ χ′′ ∝ B2µ. (1.28)
In Fig. 1.1 a cylindrical TE011 is sketched and the position and characteristic
lengths of the studied sample (l) and cavity (t) are indicated. Using those notations,
the correction factor to be taken into account is given as
I ∝ 2pi
l
t − sin (2pi d+lt ) + sin (2pi dt )
4pi lt
. (1.29)
All of the above corrections have to be taken into account for a correct evaluation
of the number of ESR centers.
1.1.6 Markers
To be suitable as a marker, a sample has to show a narrow signal in an appropriate
part of the spectrum not to interfere with the sample signals, it has to be out of
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saturation even at high powers –so, high level of nonsaturability–, it has to have
have a small volume –so it does not reduce the effectively available sample space–,
and all the ESR signal salient parameters and density have to be well known,
to good accuracy, from independent measurements. The markers are also used,
besides density calibration, for an accurate g value calibration when the microwave
frequency or the static magnetic field at the sample site can not be read correctly
by the equipment. For the research performed in this work, four types of markers
have been used:
• Si:P marker [18]: S=1/2, g(4.2K) = 1.99869 ± 0.00002, g(30K) = 1.99876 ±
0.00002 and g(RT) = 1.9982 ± 0.00005, ∆Bpp < 1 G (1.25 K < T < 45 K).
The signal pertains to a high density of implanted P atoms in c-Si, affected
by exchange narrowing, and having a Currie-Weiss behavior (χ ∼ 1T−TC )
with TC = - 2.7 ± 0.3 K. The signal is stable in time, but broadens and
changes gc value with changing temperature, limiting its usability to low-T
(T < 100K) studies.
• Li:F marker [19]: S=1/2, g = 2.00229 ± 0.00002, constant gc and ∆Bpp
values over a large T interval (4.2 ≤ T ≤ 300K), but the lineshape changes
from a single Lorentzian at RT to a sum of two Lorentzians of identical g
but different widths (∆Bpp = 0.65 G, ∆Bpp = 2.18 G) at low temperature.
The signal arises from conduction electrons in Li nanoparticles produced by
neutron irradiation of LiF. The number of spins is T-independent, showing a
Pauli paramagnetic behavior.
• DPPH (2,2-diphenyl-1-picrylhydrazyl) marker [20, 21]: S=1/2, g = 2.00357
± 0.00005, TC = 20 - 36 K (see e.g., [22] and references therein). It was
used as a RT marker. The Lorentzian-like line appearing in solid DPPH is
due to exchange narrowing and the width varies depending on the solvent
from which it was precipitated. For the DPPH used here broader wings
than Lorentzian were observed, which can be simulated by two overlapping
Lorentzians of equal gc values but with different widths (∆Bpp = 2.8 and
∆Bpp = 4.9 G). Unfortunately, the corresponding signal intensity decays in
time (∼ days) but slow enough to be used as a reference for a few hours, so
a calibration against Li:F at RT is made right before and/or right after its
usage as a marker for calibrating an unknown signal. Furthermore, one has
to be careful when using DPPH as reference because it also saturates, but
only at high power levels (&1.6 µW in the Bruker Q-band). This marker was
only used in the research related to the E′δ point defect, since Si:P partly
overlaps the signals and broadens too much at RT, while Li:F marker is too
close to the signal of interest (E′δ), partly overlapping it.
• The MgO:Mn2+ marker (S=5/2; η = 100 55Mn % natural abundance I=5/2)
was supplied together with the Jeol X-band spectrometer in the shape of
a small rod that can be electromechanically inserted from outside into the
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microwave cavity. The Mn2+ in MgO matrix gives a spectrum of 6 sharp hf
lines (Lorentzians in X-band measurements) separated by ∼85 G [9]. For
sensitivity reasons, in spectra taken for density calculations, we only include
the closest line of the Mn2+ to the signal of interest or, at maximum, the
two closest ones (usually the 3rd and 4th line). In practice, we considered
the lines as independent but of equal intensity and performed the density
calibration individually against the Li:F marker at RT. At X-band, the g
values of the third and forth lines of the Mn2+ sextet were calibrated as
2.0338 ± 0.0001 and 1.9807 ± 0.0001, respectively. The electromechanical
positioning (sliding) system of the marker provided by the manufacturer does
not guarantee perfect reproduction in the absolute position of the MgO:Mn
rod in the cavity for the same software application parameters. Thus, the
density calibration of the Mn2+ line/lines has to be performed each time
before and/or after each individual measurement session (during a session
the rod should not be moved).
1.2 Paramagnetic point defects in SiO2 and Si/SiO2
entities
In the present study, we are, among others, involved with sensing by ESR nc-Si
particles embedded in different oxides, mainly a-SiO2. An important problem for
technology are defects in the various, ever smaller and smaller structures. The main
types of defects encountered are both interface and bulk defects, some intrinsic,
some extrinsic related to impurities, and many occur inherently, or are generated
by implantation or irradiation. The main ESR parameters of known defects are
summarized in Table 1.2.
1.2.1 Si/SiO2 interface paramagnetic defects
Conventionally, a-SiO2 is thermally grown on Si by heating the substrates in O2
ambient at high temperatures (800-960 ◦C), resulting in a low defect density
Si/SiO2 system (where interface defects can additionally be efficiently passivated
by H –diffusion length of H0 and H2 in a-SiO2 at RT is ≈ 200000 and 2500 nm,
respectively [52]) with a stable interface. The oxide has a large bandgap ∼9 eV,
being a very good insulator. The interfaces of c-Si/a-SiO2 have been extensively
studied by ESR for different, mainly (111) and (100), orientations of the crystalline
Si interface planes. But these ESR studies have almost exclusively been performed
on macroscopic Si/SiO2 entities of extended interface area (∼1 cm2). So, what
happens for interfaces extending over only a few nm2? Some answers will be given
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later in this thesis, but first, let’s introduce the systems of known ESR-active
interface point defects in Si/SiO2 structures, and summarize their properties.
In a nutshell, the different types of Si DB-type defects observed, invariably
introduced at the c-Si/SiO2 interface as a result of lattice mismatch [27, 53, 54, 55],
correlate with interface orientation, in registry with the crystallinity of the
underlying Si substrate. In ESR terminology, those paramagnetic centers are
called Pb-type point defects. All the Pb-type defects presented next are encountered
some way or the other at the nanocrystralline-Si/SiO2 interfaces discussed in
Chapters 2 and 3 of this thesis.
(111)Si/SiO2 interface
At the (111)Si/SiO2 interface, only one point defect type was observed —specifically
termed Pb— and identified as trivalent interfacial Si (Si3 ≡Si•, where the dot
represents an unpaired electron in a dangling Si sp3 hybrid) backbonded to three
Si atoms in the bulk as illustrated in Fig. 1.2. Poindexter and Caplan [25, 26]
investigated the gˆ matrix of the Pb signal as having axial symmetry with g‖ along
the [111] crystalline direction and the principal values presented in Table 1.2. Since
the dangling bonds at the (111) interface have the same orientation, perpendicular
to the plane, only one Pb center signal for each value of ϕB angle is observed. The
other orientations along [111], [111], and [111] directions are unlikely to appear
for a standard relatively smooth interface, thus the signals corresponding to those
branches are also unlikely. Yet, in confirmation of the Pb atomic model, these
defect directions have been observed in ‘poorly’ oxidized Si, that is, grown at ∼965
◦C in a low oxygen pressure (Pox < 8 × 10−5 Torr) [56]. The Pb center exhibits
a hyperfine doublet with aiso ≈ 112 G [27] as a result of the unpaired electron
interaction with the 29Si nucleus on which it is localized.
The Pb center (as well as the other Pb-type centers) can be passivated [57, 58, 59]
by bonding to H atoms starting from Tan & 225 ◦C onward (in H2 ambient),
becoming diamagnetic, thus ESR invisible. The process is reversed [25, 26, 57, 60]
under vacuum anneal (pressure P ≤ 10−4 at Tan & 550 ◦C), by dissociation of the
bonded H atom. This passivation/depassivation mechanism is fully reversible both
in atomic structure and number of point defects [53, 61, 62]. It has to be kept in
mind that both passivation and depassivation are occurring simultaneously but at
different rates depending on the ambient type, pressure, temperature and time of
the annealing [62, 63, 64]. The natural density for standard (111)Si/SiO2 interface
is [Pb] ∼ 5 × 1012 cm−2 (Refs. [28, 31, 53, 65]).
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[111]
a-SiO2
(111) c-Si 
Pb
Figure 1.2: Ball-and-stick structure of the (111)Si/a-SiO2 interface at the atomic
level, where the Pb point defect is magnified.
(100)Si/SiO2 interface
At the (100)Si/SiO2 interface two types of point defects appear to ESR, termed Pb0
and Pb1. The experimental evidence (identical lattice orientation of the principal
axes, the near equal g principal values and similar hf coupling constants) is that
Pb0 is chemically identical to Pb, but now residing at microscopical (111)-oriented
Si/SiO2 facets (interface) (see Fig. 1.3, with the salient parameters shown in Table
1.2). The Pb1 center is assigned to a distorted defected interfacial Si-Si dimer
(Si3 ≡Si–Si•= Si2 defect, where the endash symbolizes a strained bond, with the
unpaired Si sp3 hybrid oriented 3 ◦ ± 1 ◦ off the <211> direction), as pictured
in Fig. 1.3, [30, 66] the model explaining also the orthorhombic gˆ matrix (see
Table 1.2). Thus both variants, like Pb, were shown to be interfacial trivalent Si
centers, naturally occurring, for standard oxidation temperatures (800-960 ◦C) in
areal densities of [Pb0], [Pb1] ∼ 1 × 1012 cm−2 [28, 31]. It is the low natural defect
density (interface charge trapping center) and the higher electron mobility [67] that
influenced the decision of using (100)Si substrates for electronic applications. But
the (100)Si/SiO2 interface shows low hole mobility [67], traditionally compensated
by a larger p-MOSFET size to balance against the n-MOSFET, which creates other
problems like increasing the gate and parasitic capacitances [68].
Combination of electrical measurements with ESR probing has established the
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Pb0 Pb1
Figure 1.3: Schematic structure of (100)Si/SiO2 interface at atomic level, where
the occurring Pb0 and Pb1 point defects are shown enlarged in the bottom part.
Pb(Pb0) centers as major systems of detrimental electrically active interface traps
[31, 69]. The electrical activity of Pb1, initially accepted, is still in dispute [31, 70,
71].
(110)Si/SiO2 interface
The research on vertical transistors [72, 73, 74, 75] indicates that important
electrical parameters depend strongly on the shape and orientation of the trench
sidewall and raised the need to investigate properties of other interfaces than the
classical (100)Si/SiO2. The (110)Si/SiO2 interface orientation has a higher mobility
than the two interfaces discussed before in the case of PMOS, but lower for NMOS
[76]. The facets naturally occurring at the nc-Si/SiO2 interface can have different
crystalline orientations, even (110)Si.
At the (110)Si/SiO2 interface also, only one Pb-type center, a Pb0 variant [32, 54], is
observed having almost axial symmetry (see Table 1.2), but it was not as extensively
investigated by ESR as the other variants at the (100) and (111)Si/SiO2 interfaces.
At this interfacial plane there are two possible orientations of the unpaired electron
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orbital [69] (cf. Fig. 1.4). Thus, two angle dependant signals can be observed by
ESR in any plane where the sample is rotated in relative to the magnetic field.
The signals overlap only when the ϕB angles for all dangling bond orientations are
equal, that is, for −→B ‖[110], the interface normal, or −→B ‖[001].
Figure 1.4: Schematic of the (110)Si/SiO2 interface at the atomic level, illustrating
the Pb point defects.
1.2.2 a-Si point defects
D center
While pure lone standing amorphous Si is not so much used, it is widely incorporated
in the polycrystalline (usually hydrogenated) state in solar cells and flat panel
displays [77]. From the ESR point of view, the amorphous and polycrystalline
states appear quite similar, both containing randomly oriented unpaired electrons
localized on Si atoms, named D centers, giving rise to an isotropic Lorentzian signal
with ∆Bpp = 4-8 G [23, 24] and gc ∼ 2.0055 [78], depending on the preparation
method [23, 79]. The D centers were mostly studied in hydrogenated a-Si, where
the interference of H with the Si DB appears negligible [80], so the point defect
has the same characteristics as in the nonhydrogenated a-Si. When looked at more
carefully the signal can be simulated by a powder pattern with the g values listed
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in Table 1.2 convoluted by a Gaussian function [24]. This simulation is useful
to prove that also this defect concerns a Si dangling bond Pb-type center [81],
but randomly oriented (Si3 ≡Si• as shown in Fig. 1.5). Practically an isotropic
Lorentzian function can be used as well; it is faster and gives the same values for
defect densities.
Figure 1.5: The basic atomic structure of the Pb -type point defect, which in an
amorphous Si surrounding is called a D center —an unpaired electron localized in
an sp3 hybrid on a Si atom backbonded to three Si.
1.2.3 a-SiO2 point defects
The E′-type centers are the most prominent class of point defects encountered in
irradiated c- and a-SiO2, essentially pictured as the class of single oxygen vacancy
centers. It is composed of defects, where the unpaired electron is localized on a
single or multiple Si atoms backbonded to oxygen atoms in the SiO2 matrix. All
the E′ paramagnetic centers have one gˆ principal value in the vicinity of 2.0018.
Numerical subscripts are used to distinguish between the different E′ centers in
c-SiO2: E′1 [82], E′2 [83], and E′4 [84], while Greek letters are used for a-SiO2, : E′α,
E′β , E′γ , and E′δ.
The optical activity of a-SiO2 is important since the material is broadly used for
optical applications and there are possibilities for future integration with Si in all-Si
based electronics. This brings this material back under attention in the scientific
world. Skuja [85] presented an extensive overview of the optically active O-deficient
centers in a-SiO2 and concluded that E′α, E′β and E′γ centers are active in the
energy interval 5.7-5.8 eV, while E′s at 6.0-6.3 eV energies. Until now, there seem
to be no reports of E′δ or EX being optically active, but, the possibility of these
being so cannot be overlooked –maybe a correlation could not be made yet between
a known optical center and one of those ESR centers.
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The E′ generic entity; E′s point defect
Figure 1.6: The E′ generic entity. The unpaired electron is localized on a Si atom
backbonded to three O. This model can also be associated with E′s surface defect,
where the unpaired electron orbital points out of the SiO2 surface.
As pictured in Fig. 1.6, the class of E′ centers is typified by the generic entity
O3 ≡Si•[86], where the dot represents an unpaired electron localized in an sp3-type
orbital on a Si atom at the site of an O-vacancy, and backbonded to three O-atoms
in the SiO2 matrix. Some variants may concern multi-Si atoms at the site of
multi-vacancies. The symmetry of the atomic configuration is transposed into axial
symmetry of gˆ, if no other perturbing elements are present in the vicinity. The
value of g3 ≈ 2.0018 (the attribute of the E′ family) close to ge is explained, from
angular dependence studies (e.g., E′1 point defect in α-quartz), by the fact that the
unpaired electron orbital has the same direction as a Si–O bond would have [9].
When the E′ generic entity is situated at the surface of the SiO2, facing the
ambient, so that the unpaired electron orbital points out of the material, the defect
is referred to as E′s. It can be produced by crushing α quartz or fused silica under
high vacuum [87]. Since the perturbation by the ambient of the unpaired orbital is
negligible, the axial symmetry of the generic entity is kept as it can be seen from
the salient parameter listed in Table 1.2.
E′γ point defect
ESR has proven to be a very useful tool for point defect investigation of SiO2
since 1956, when R. A. Weeks [82] first reported a paramagnetic center in neutron-
bombarded quartz and fused silica, a center from the E′ family, denoted E′γ . The
E′γ center in a-SiO2 is the closest analog to E′1 in α-quartz. The angle dependance
of the E′1 point defect was characterized in detail by Silsbee [86] and theoretically
interpreted and atomically described by Feigl et al. [88] and Yip and Fowler [89].
A later refinement by Rudra and Fowler led to the prevailing model of the E′1 (E′γ)
center pictured as in Fig. 1.7, that is, the called puckered configuration. It is
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pictured as a O3 ≡ Si• . . .+Si≡O3 unit at the site of an O-vacancy, composed of
sp3-hybridized Si DB (≡Si•) and a positively charged Si back-puckered through its
basal O3-plane towards a lattice oxygen which effectively becomes three-coordinated
[90, 91, 92, 93].
The E′γ point defect is the most commonly observed variant of the four known E′
centers in a-SiO2 and also, the most studied one. It is envisioned as an unpaired
electron strongly localized on a sp3-type hybrid orbital of the Si atom, backbonded
to three O (as the E′s in Fig. 1.6) but the orbital points in random directions into
the silica matrix [38, 94]. While the complete E′γ model is still under dispute [95],
conventionally it is pictured as a positively charged [96, 97] oxygen vacancy (O3 ≡
Si• +Si≡ O3) [98] as shown in Fig. 1.7, having as precursor a Si–Si bond. There
are also reports that incline towards a Si–H bond [99] as the starting point, that,
after the dissociation of H, becomes paramagnetic resulting in a neutrally charged
E′γ (O3 ≡ Si• SiO4).
Figure 1.7: The E′1 (E′γ) point defect model in the current understanding.
The ground-state configuration of this defect is characterized by a large local
relaxation of the atomic network, which leads to a localization of the unpaired
electron on a Si dangling bond [93]. The 29Si hf structure of the E′γ center in
γ-irradiated a-SiO2 was observed first by Griscom et al. [40], revealing an associated
doublet with the splitting of ∼ 418 G (in relaxed SiO2), indicating a resemblance
of E′γ to the E′1 defect in α-quartz first observed by Weeks [82]. Griscom et al.
reported an anisotropic contribution on the hf coupling constants aiso≈ 420 G of
aaniso ≈ 22 G [40, 100].
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It has been shown that the hf splitting of E′γ center can change between 410 and
465 G depending on the type and amount of stress at the center site, compressive
stress increases, while tensile one decreases the hf coupling and increases the angle
the dangling bond makes with the backbonding Si [101]. An extensive overview
was given by Stesmans et al. [102] showing again that the E′γ point defect and the
associated hf structure are very good atomic probes of the local structure of the
a-SiO2 matrix.
The presence and density of the E′γ centers are closely related to the material
quality and kind of irradiation damage applied. For standard thermally grown
SiO2 on Si substrates the value of [E′γ ] ≈ 3 ×1017 cm−3 is typically observed
[103]. Very long fibers are obtained by drawing a-SiO2, a process that can break
Si–Si bonds (preexisting structural defects) or Si–O bonds, so defects identical to
the ones created by irradiation are produced [104], i.e., E′ centers [105] made by
mechanically induced atomic rearrangement.
E′α point defect
Griscom [100] first reported the E′α center as having orthorhombic principal axis g
values and a corresponding hf doublet as a result of interaction with 29Si, split by ∼
420 G, the same as for E′γ and E′β . The asymmetry of the g matrix is supposed to
arise from a Si dangling bond that has in a second neighborhood position an oxygen
in a peroxy-like linkage as illustrated in Fig. 1.8, an atom that was displaced
from its normal position as a result of irradiation. Initially Griscom [100] reported
that the center is stable only at temperatures up to ≈ 200K and by exposing the
samples at natural light it converts into E′γ . Later the same author [41] reports the
same center as being stable also at RT and with no light-induced conversion to E′γ .
After Griscom reexamined previously published data, he concluded that the E′α 29Si
hf structure could consist of a doublet split by ∼130 G instead of the 420-G split one
reported before. On this basis, he revised the atomic modeling, now suggesting a
structure consisting of a two-fold coordinated Si (O=Si••, where •• symbolizes a lone
pair) which has trapped an electron [9]. Later quantum mechanical calculations
[106] also suggested that the E′α defect could arise from a hole trapped at a two-fold
coordinated Si, where it was later inferred that, upon hole capturing, the system
relaxes into a metastable state with an unpaired sp3-like hybrid characterized by
a projected aiso ∼ 440 G. Furthermore, upon hole capture, it may relax into a
metastable state of which the stable structure is the E′ (O3 ≡Si•) moiety, giving
an explanation for the E′α - E′γ conversion reported [100] in some cases.
Buscarino et al. [107] recently reported an E′α point defect stable even at 630K,
with 490 G hf splitting constant that has an associated gˆ matrix with values close to
the ones listed in Table 1.2, which are observed in the studied materials presented
in Chap. 4. Supported by previous experimental [108] and theoretical work [109],
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Figure 1.8: The E′α point defect initially proposed by Griscom [100]. The unpaired
electron is localized on a Si atom backbonded to three O atoms, one of them being
in a peroxy-type linkage.
they assigned the defect to a hole trapped in an oxygen vacancy, where the unpaired
electron sp3 orbital points away from the vacancy in a back-projected configuration,
and interacts with one more O atom in the a-SiO2 matrix, as depicted in Fig. 1.9
[107]. Trukhin et al. [110] introduces the idea that the E′α center reported by
Griscom [100] and the one reported by Buscarino et al. [107] are not the same point
defect because of the different g2 values —2.0013 vs 2.0009— and dissimilar thermal
stability. In a recent report, Buscarino et al. [111] combine optical absorption with
ESR to show that the high temperature stable E′α point defect is optically active
at ∼ 5.8 eV as also reported before (see Ref. [85] and references therein). They
attribute the E′α center to the atomic structure shown in Fig. 1.9 and explain the
wider hf splitting of 490 G by a stronger localization of the unpaired electron on
the O3 ≡Si• group rather than to a sharper O3 ≡Si• tetrahedron as is the case for
E′s and densification-caused E′γ enlarged splitting [101, 112]. It seems that, so far,
no unique atomic model has been agreed upon.
+
Figure 1.9: The E′α point defect as introduced by Buscarino et al. [111] and
Mukhopadhyay et al. [109], where the green balls represent O, the blue ones
correspond to Si. Note that there is no H involvement in this structure.
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E′β point defect
The E′β point defect [113] exhibits an ESR signal very similar to the one of E′s but
has a somewhat larger g⊥ value as may be seen in Table 1.2. The associated 29Si
hf structure is split by 420 G [100], all indicating that the atomic model should be
based on the generic E′ entity. As pictured, the E′β creation process is supposed to
result of the interaction of a mobile H0 with some kind of precursor site. Assuming
for the latter a preexisting O-vacancy, the E′β creation is proposed to occur in the
range 100-130 K along the process [9]
O3 ≡ Si•• Si ≡ O3 +H0 −→ O3 ≡ SiH O3 ≡ Si•. (1.30)
It may explain also the axial symmetry of the signal, similar to the one of E′s, in
the absence of a major off-axis perturbation in its vicinity [100].
The E′β center atomic model is identical to the one ascribed to the E′2 [83] point
defect in α quartz, but better relaxed to account for the negligible proton hyperfine
interaction characterized by the presence of a hydride bond in the O vacancy [9];
For E′2 the splitting due to this proton is aiso = 0.2 G [83, 114].
E′δ defect
The E′δ center was first reported by Griscom and Friebele [41] in an ESR study
(measurement temperature ∼ 110 K or higher) on fused silica of diverse OH contents
subjected to 100-keV x-ray irradiation at 77 K. The atomic modeling of the E′δ
center remains perhaps the most controversial among all known E′-type centers,
where the fact that the E′δ centers are not as often and as easily observed as the E′γ
signal may play a role. The acquired experimental evidence from ESR analysis in
conjunction with electrical probing points to a positively charged [115, 116] defect
when ESR active, thus electrically active (a hole trap).
The presumed involvement of Cl impurities in the atomic structure together with
the measured spliting of ∼100 G of the associated 29Si hf doublet and the fact that
the ESR signal is nearly isotropic, led to the idea of a delocalized E′-type defect
[39]: the E′δ center was tentatively modeled as a SiO4 vacancy dressed with three
Cl atoms, with the unpaired spin delocalized over four Si atoms. Thus, its precursor
is seen as a SiO4 vacancy decorated by four Cl atoms bonded to the four Si atoms,
from where a Cl atom has been removed by irradiation. The possible involvement
of Cl has been disproved in later experimental work [117, 118], herewith raising
the need for adapted modeling.
Since various other atomic models have been advanced, including the Si2 [117], Si4
[119] which Si5 [118] models, and all have been subjected to thorough theoretical
analysis [109, 120, 121]. Yet, it appears that as yet no convincing assignment could
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be made, leaving the scientific community divided on this matter. In this, it comes
to the fore that the observed 100-G split hf doublet, that is, correct quantitative
experimental assignment, plays a key role. It may tip the balance. As part of this
work, it has been precisely aimed, as a main target, to significantly expand the
experimental knowledge on this E′δ center through carrying out a multifrequency
and temperature ESR study on various types of vitreous silica subjected to three
types of irradiation, of which the results are presented in Chap. 4. So, any further
detailed discussion of the advanced atomic models for E′δ, and the various pro’s
and con’s raised over time, will be deferred to Chap. 4.
EX point defect
The EX center was reported as a first inherent point defect grown in during
oxidation in thermally grown a-SiO2 thin layers on c-Si. This is in contrast with
the other centers being introduced by post-fabrication treatments (annealings,
irradiations, or mechanical actions). First observed in standard a-SiO2 thin layers
thermally grown in dry O2 on (111)Si [17] or (100)Si substrates [122], it has since
been observed in a variety of Si/SiO2 entities and SiO2 materials (see Ref. [123] for
an overview). In the current work, it is also observed after internal reorganization
of low-Si silica materials, i.e., SiO/SiO2 superstructures (see Chap. 2) and Si+
implanted SiO2 discussed in Chap. 3.
The EX center shows an isotropic Voigt shape of width ∆Bpp ∼ 1 G and with gc
value reported [17, 124, 125] between 2.00247 and 2.0027, and very characteristic,
it is accompanied by a hf doublet [17] split by aiso = 16.1 G.
The center appears in thin layers when the Si substrate is oxidized at a temperature
in the range 700-930 ◦C, reaching a maximum EX density for ∼ 800 ◦C and is not
observable for annealing temperatures outside this interval [122]. It was observed
that the EX density increases even four times if the oxides are annealed in vacuum
at 775 ◦C for 65 min [122] or VUV irradiated (as it can be seen in Chap. 2).
The defects can be totally passivated (below ESR detectivity levels) by treating
the samples in 110 kPa H2 at 361 ◦C for 21 min and reactivated by degassing
(starting at T & 400 ◦C with a full dehydrogenation obtained for T & 550 ◦C), the
passivation-activation cycle [17] thus being reversible. It has been observed that
the defect density is not influenced by the specific Si surface crystalline orientation
but rather by the precleaning treatments, related with surface roughness and top
layer composition.
Depth profiling of the EX centers showed that it resides in the top ∼ 4.0 nm, with
a maximum at the SiO2/ambient interface. The density increases with grown oxide
thickness up to 12.5 nm, to decrease for larger thicknesses [122]. On the basis of
its characteristic ESR parameters, the resolved hf structure, and measurements
carried out on 17O-enriched SiO2 layers, the defect has been tentatively modeled
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Figure 1.10: Tentative model for the EX center, where the unpaired electron is
delocalized over four O atoms at the site of a Si vacancy.
as a structure, where an unpaired electron is delocalized over four O atoms at the
site of a Si vacancy, as depicted in Fig. 1.10. In another view, it can be looked at
as an agglomerate of four oxygen-related hole center (OHC’s).
74 G hf doublet
The 74 G doublet centered at g ≈ 2.0016, stems for the E′74 defect, ascribed to an
E′-type structure [126], where one of the back bonded O atoms in the generic entity
is replaced by one H (O2H≡Si•) [15, 127]. The model is supported by theoretical
calculations [128]. The presence of the 74 G doublet is evidence that the O-deficient
silica is containing OH groups [129].
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120 G hf doublet
The 120 G-doublet is associated with a defect of axial symmetry (g⊥ = 1.999 ±
0.001, g‖ = 1.992 ± 0.001), which was attributed by Vitko [126] to an electron
trapped at a hydrogen compensated substitutional Ge impurity in (O2H≡Ge•) in
60Co γ-irradiated fused silica, which contain a few ppm Ge and hydroxyl ions. The
defect does not form when γ-irradiating the glasses at 4 K, but only appears upon
allowing the samples to warm up to RT, indicating that H migration might be
involved in the defect formation. The two doublet lines differ in shape, indicating
that the hf anisotropy contributes significantly to the observed broadening [105].
Hibino and Hanafunsa [105] observed the centers as drawing-induced defects both
when starting from GeO2 doped silica or a-SiO2 containing only a few ppm Ge.
The doublet intensity was found to increase with the surface area of the fiber,
indicating that the hydrogen hf interaction takes place at or near the optical fiber
surface. As it will turn out in this work, this observation is in accordance with
the detected 120-G doublet relative intensity higher than the intensity of other
occurring defect hf doublets in the VUV surface activated samples compared to
same glasses, where the γ-irradiation is activating defects throughout the bulk of
the sample.
Al-related point defects
In the present thesis, we will encounter two Al-related centers: Al E′ [46, 47] and
[AlO4]0. The ESR signal of the Al E′ center consists of a 6-line structure resulting
from the hf interaction of the unpaired electron with an Al nucleus (I = 5/2; η
= 99.9 %). The 6-line signal was first observed by Brower [46, 47] in natural
vitreous silica exposed to ionizing irradiation and was attributed to Al E′ centers,
an electron captured on an 27Al atom in a Si-substitutional position bonded to
three oxygen atoms in the a-SiO2 matrix.
Noteworthy is that this center, O3 ≡Al•, is in the negative charge state when
ESR active (an electron trap), unlike, along current understanding, the familiar Si
E′-type centers, such as E′1 (E′γ). Pertinent also is that the center was found to
require a charge compensator in its vicinity to remain paramagnetic (ESR-active)
above 57 ◦C; it stays paramagnetic up to 277 ◦C if stabilized by alkali ions, and
up to 377 ◦C if hydrogen is involved. Otherwise it turns to its neutral, diamagnetic
Al≡O3 (AlO03/2) state. As analyzed in detail [46, 47], both the hf coupling matrix
but also the g matrix are affected by the compensating agent (see [47]).
The [AlO4]0 signal is attributed to an Al atom substituting for a four-coordinated
Si with an unpaired electron in a 2p nonbridging oxygen orbital [43], as illustrated
in Fig. 1.11. The center is neutral when ESR active. It is almost axially symmetric,
characterized by the principal g values g1 ∼ 2.06000, g2 ∼ 2.00854, g3 ∼ 2.00195,
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Figure 1.11: Schematic of the neutral, ESR active [AlO4]0 center in SiO2.
as reported in the literature for the center in crystalline [46, 47] and vitreous [44]
silica. The X-band spectrum can be well simulated by a powder pattern using
these g values and a Lorentzian broadening function of 6, 6.5 and 10.5 G for the
directions g1, g2, and g3, respectively, with inclusion of a aiso = 8.5 G 27Al hf
splitting (this work).
1.2.4 SiOx materials
The S center
Using X-band ESR spectroscopy, Friebele et al. [104] reported in 1976 on an
unknown center, labeled S center, at g= 2.0022 with ∆Bpp = 3-4 G observed in
dry silica drawn into fiber and subsequently heated above 350 ◦C under vacuum.
The center was speculated to arise as a result of removing O from a silica network.
The signal disappeared after annealing the samples in oxidizing atmosphere. When
measuring SiOx (0 < x < 2) material, Holzenkampfer et al. [130] observed, besides
the well known Pb (Si3 ≡Si•) –the archetypal (111)Si/SiO2 interface defect– and
the a-SiO2-specific E′γ centers (both introduced above), two signals with gc between
2.001 and 2.004 which were attributed to SinO3−n ≡Si• (n=1, 2) [130] as depicted
in Fig. 1.12. Later, these centers were called either S (the n = 1 variant and/or a
combination of both) [131], or X (n = 1) and Y (n = 2) [132] centers. According
to current understanding, the S center [33, 34] (see Table 1.2) is attributed to
[37] the n=1 variant (SiO2 ≡Si•) intermediate [130, 133] between E′γ and Pb.
This signal is reported to be Lorentzian, with a slight g matrix anisotropy [35].
It is not only observed in SiOx but also in high temperature vacuum annealed
SiO2 after X-ray irradiation [131], in Si/SiO2 structures after post-oxidation high
temperature annealling in O deficient ambient [33], in high-purity quartz [134], and
in Cr ion-implanted a-SiO2 [132].
Stesmans et al. [35] reported two (29Si) hf doublets, of splitting aiso = 162 ± 5 G
and 279 ± 12 G with relative intensity to the central line indicating the unpaired
electron to be delocalized over one Si atom, in accordance with the proposed models.
Yet, the interpretation is obstructed by the low intensity of the hf signals intensity.
Two hf doublets centered on the S main signal can indicate the hybrid to be a mix
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n = 1 n = 2
Figure 1.12: The SinO3−n ≡Si• entities, assigned to S (a combination of the two
or only the n = 1 variant) or X and Y for the n = 1 and 2 respectively.
of the two variants (n = 1 and 2) or a result of only [37] the n = 1 configuration
influenced by the two Si sites. From ab initio Hartree-Fock calculations a hf doublet
for each (n = 1 or n = 2) configuration was obtained [135]: a‖ = 294 G and a⊥ =
224 G for n = 1, and a‖ = 245 G and a⊥ = 169 G for n = 2. Later, Stirling and
Pasquarello [37], using the generalized gradient density functional approach, found
two doublets split by 315 and 202 G, for the SiO2 ≡Si• configuration. These results
were concluded to be well in agreement with experiment if taking into account the
tendency for their theoretical approach to predict larger than actual values [136].
Although the main signals named as S or X are very similar and were ascribed to
the same atomic models, there are differences between the two concerning the hf
structure, where for the latter often a single doublet is reported with the splitting
fluctuating [34, 36, 133] between 230 and 289 G. The smaller splitting doublet
signals were calculated to be broader [37], or observed to be slightly less intense
[35], thus more difficult to be observed.
1.2.5 C-related point defect
Photolitography, using photosensitive material, is a standard technique to obtain
the desired ‘layout’ for semiconductor electronics by selectively covering/removing,
as many times as needed, areas of thin layers or bulk materials. Usually the
photoresist material is C-based, so, the substrate on which it is deposited can be
contaminated. Also SiC materials have been intensively studied for their bandgap
changing from 0 to 4 eV by just varying deposition conditions [137]. An ESR signal
is visible in all those C based materials, a Lorentzian [50] with ∆Bpp∼ 1-3 G [51] of
gc ∼ 2.003 arising from disordered SiC regions or C agglomerations [138] in a-SiO2
[139], SiC [140], or graphite [141].
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1.2.6 N-related point defects
N2 is a common ambient for annealing Si/SiO2 structures but cannot be considered
as an inert gas above ∼ 1200 ◦C for shorter annealing times and above ∼ 925 ◦C
for long ones. There are numerous reports on this matter, with effects on various
physical/chemical parameters. Nitrogen competes with O for the Si reaction sites
[142], thus decreasing the paramagnetic defect density [143], mainly Pb1 [144], but
it can also create fixed oxide charge [145] after reduction. Incorporating N into a
SiO2 glass matrix can be beneficial for creating a diffusion barrier layer, improving
thermal stability and electrical properties, and increasing κ [146]. When impurities
are present in the gas phase in the N2 ambient (as, e.g., H2 in forming gas),
the nitrogen reacts with Si even at ∼ 760-1050 ◦C, creating ultrathin oxinitride
films near the interface [147] and reducing the concentration of strained Si–O
bonds, inhibiting [148] the generation of interface states during electrical stress
of the Si/SiO2 interface. In manufacturing nc-Si/SiO2 structures, the choice of
the annealing ambient between Ar, N2 or forming gas (5% H2 in N2) is found to
influence the shape and intensity of luminescence emission by varying the attained
nc size (smaller in the case of N2 annealing) and defect states at the nc-Si/SiO2
interface. It has been concluded that the annealing in N2 results in a thermal
relaxation compounded by the exchange of N with the oxide network, improving
the degree of surface passivation [149].
Perhaps the best known N-related defect in SixOyN2 and Si3N4 materials is the
K center [48], where the unpaired electron is localized mainly on a Si atom, bonded
to three N atoms, usually in stoichiometric Si3N4 (used as insulator in insulated
gate field effect transistors, non volatile memory devices [150], MOS solar cells,
etc.). The signal can be simulated by a gˆ matrix and hf coupling constant resulting
from hf interaction with the Si atom as listed in Table 1.2. The interaction with
the N nucleus gives rise to a triplet characterized by aiso = 4.6 G and aaniso =
0.45 G [151] overlapped by the main signal. This signal, of gc ≈ 2.003, is usually
∼ 12 G broad and looks like an isotropic symmetric signal, somewhat similar to
the C center described above. When ESR active, the center is neutral but may
capture an electron or hole, becoming charged but diamagnetic [48], assumed to
be the dominant trapping center [151, 152] in silicon nitride-based materials. The
K centers are ESR activated by UV photons which change the spin state, and thus
the charge of the point defect [48].
Part of the same family is the N center observed in a-Si3N4. It is ascribed to a
dangling bond localized (∼ 69 % [49] experimental value and∼ 85 % [153] theoretical
one) on a N atom, bonded to two Si atoms [49]. This signal is characterized by gc
≈ 2.003 and an associated hf doublet split by ∼ 61-70 G [49].
Now that the ESR point defects encountered during the research presented in
this thesis have been introduced, we proceed to present the subjects studied and
results obtained. In the next two chapters, Si nc’s embedded in a-SiO2 obtained
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by two different fabrication methods (superstructure approach and UST during
Si+ implantation in a-SiO2) will be discussed. The fourth chapter is focused on
the identification of the E′δ point defect studied in various types of a-SiO2 by a
multifrequency ESR approach.

Chapter 2
Inherent paramagnetic defects
at the nanocrystalline Si
interface with SiO2 layered
Si/SiO2 superstructures
2.1 Introduction
Bulk Si, an indirect band-gap semiconductor, is known for being an inefficient
light emitter because of the low probability of band-to-band optical transitions
and the non-radiative recombination of most of the electron-hole pairs. Neither
nanometer-size Si appears to become a direct semiconductor [154], but was shown
to be room-temperature photoluminescent [155]. In order to stabilize the surface
of nc Si and at the same time preserving, and even improving the luminescent
properties [156], the preferred approach is embedding it in an insulating oxide,
preferably a-SiO2 given the generally high quality offered by the (thermal) Si/SiO2
interface. This type of structure is being introduced in everyday life, such as
CMOS where Si nc’s are embedded in the gate oxide [4, 5], with applications in
FLASH memories [6], silicon [156] LED’s that are yet not stable enough for the
market requirements [157, 158, 159], and usage in photovoltaic applications [7] and
solar cells reaching an efficiency over 16%, both on rigid and flexible substrates
[2, 160]. Two more eye catching applications are the Si-based laser [2, 161] and
quantum computers [161], both thought to be achievable with this type of structure.
Therefore, what bulk Si may inherently not enable, the nc form might do. Evidently,
with so many applications already present and many more projected for the future,
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a good theoretical and practical understanding of the properties of the nc-Si is
desired.
Starting with Canham [162] and Lehmann and Goesele [163], quantum confinement
[154, 155, 164, 165, 166, 167, 168] was suggested as explanation for the observed
Si room temperature luminescence. Later, other models have been invoked,
including generic defects at Si/SiO2 interfaces (yet, without rigid quantification
and identification of the varieties [169, 170, 171, 172, 173, 174]), the influence
of multiple Si=O bonds at the cluster surface [175, 176], and the Auger effect
[177, 178]. As it appears, not all the data so far assembled can be explained based
on only one hypothesis: According to the current insight, the PL may be originated
by a superposition of two or more mechanisms [179, 180, 181, 182, 183]. Increasing
effort is put in the understanding of the PL processes and its improvement, with
some questions still left not wholly answered.
Since the initial discovery of PL properties, research on nc-Si has boomed, with many
analyzing tools being introduced. Theory, experiment, and technology collaborate
with the intent of understanding the optical processes that take place and make
more efficient and industry friendly optically active Si-based materials. Many top
characterization techniques have been applied, such as the morphological tools
(TEM [6, 184, 185], AFM [4, 186] and EFM [186]), in combination with SAXS [187]
and optical measurements, mainly PL [162, 177, 188, 189, 190]. Additionally, a
growing number of electrical analyzing techniques, like I-V [190], C-V [4, 191], G-V
[6], electron beam induced current [190], as well as theoretical in situ calculations of
different physical properties [192, 193] are being used in the attempt to understand
the origin of the exhibited PL phenomena.
The morphological methods mentioned can investigate only a small fraction of the
np’s, present in a certain volume, and most of them cannot discriminate between
a-Si and a-SiO2, making it unable to draw conclusions about the presence of a-Si
np’s. Here, ESR can provide an answer, being a technique sensing the whole body
of the sample and being able to distinguish between different materials by using
paramagnetic defects as a probe: ESR can identify these paramagnetic defects and
infer their location within the sample structure.
Efficient photoluminescent Si np’s, generally crystalline, embedded in SiO2 can be
fabricated through a variety of methods, including (oxidation of) p-Si [194], CVD,
rf cosputtering method [166], PCVD [155], Si+ implantation in high purity SiO2
[195, 196], and so forth. Yet, major problems these techniques suffer from include
the tight and, in particular, density independent control of the nanoparticles size, the
control of the inter-nanoparticle distance and prevention of particles agglomeration.
Evidently, such “hands-on” tight control of the incorporated particle size and spacial
(statistical) distribution would be highly desirable to enable a systematic study.
Interestingly, the above mentioned inconveniences may be avoided by using the
SiOx/SiO2 superlattice approach [197], where different morphological parameters
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of the obtained structure can be independently controlled, essentially an inherent
attribute of the systematic fabrication approach.
Previous ESR investigations
There have been various studies on n-Si entities in SiO2, the reports generally
encompassing five types, i.e., D (Si dangling bonds in disordered Si), Pb(0), Pb1,
E′γ and EX (vide infra). All works invariably report on a generally featureless line
–commonly referred to as the Si DB signal– of zero crossing g value gc in the range
2.005-2.006. A first series of ESR measurements have been performed on Si np’s
embedded in SiO2 and phosphosilicate glass fabricated by Si+ ion implantation
and subsequent annealing [198, 199, 200]. A rather broad signal with peak-to-peak
width ∆Bpp = 7.0 - 7.9 G situated at around gc = 2.006 was observed, which was
suggested as originating from Pb-type centers.
Three more works pay particular attention to the determination of the exact defect
origin of the above signal. Two of these concern Si nanowires (SiNWs) embedded in
SiO2 [201, 202], proposing two different explanations: One [201], studying c-SiNWs
of ∼10-15 nm in diameter and reporting the signal at gc = 2.0065, proposes Si DBs
or Pb centers at the SiNW/SiO2 interfaces as the source, excluding D centers as
candidates as the signal was found almost entirely eliminated after removal of the
Si oxide by immersing in aqueous HF (5%) solution. Without further addressing
the type(s) of Pb centers, these authors also report the observation of a weak E′γ
resonance and a prominent EX signal in the as grown sample. The other work [202]
argues in favor of the a-Si specific D center, adducing support from the observation
of a similar feature [81] in a-Si:H. Here, we should point to the dimensional and
morphological difference between NWs and np’s that could result in dissimilarities
regarding crystallinity and presence of defects.
A more detailed ESR analysis on the origin of the Si DB signal was reported by
Bratus et al. [203] studying nano-Si particles formed in evaporated SiO films after
annealing. After annealing at 1100 ◦C (15 min), a Si DB signal was observed at
gc ∼2.0061, which, via computer simulation, was described as a superposition of
three components implying a strong D line, modeled as a Lorentzian signal at gc
= 2.0058 and ∆Bpp = 6 G, and powder pattern signals from chaotically oriented
Pb0 and Pb1 defects in a ratio 5.5:1:1, respectively. Remarkably, the observed
substantial density of D centers would indicate that most of the Si np’s are in fact
amorphous (or polycrystalline), contradicting previous morphological investigations.
As in all previous reports, the applied X-band (∼9.4 GHz) spectroscopy clearly
delimits spectral resolution and disentanglement. More in depth and reliable signal
discrimination will require experimental extension, e.g. additional observational
frequencies.
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2.2 Paramagnetic point defects at the nc-Si/SiO2
interface in layered superstructures
2.2.1 Introduction
In an attempt to take the ESR signal discrimination and assignment to the
next decisive level, we here present an ESR analysis on a prototype SiO/SiO2
superstructure with regular arrays of Si np’s embedded in an a-SiO2 matrix, where
the experimental ESR range has been extended to three observational frequencies
(X, K, and Q-band) and two detection modes (first and second harmonic). With
reliable attribution of the signals, dangling bonds can be used as probes providing
information about the crystallinity and bordering of the Si np’s.
As a major result, the occurring main DB signal could be disentangled as solely
composed of a mix of the Si/SiO2 interface specific Pb(0) and Pb1, resulting in
particular conclusions regarding the Si np’s state, morphology and crucial defect
nature. Using the inherent point defects as local probes, it leads us to inferences
on the nature and quality of the inner nano-Si/SiO2 interfaces and a-SiO2 matrix
these are embedded in.
2.2.2 Experimental details: sample preparation
The samples studied were prepared using the SiOx/SiO2 superlattice approach, as
extensively described by Zacharias et al. [197]. In short, an alternation of SiO and
SiO2 layers with thicknesses of 2 nm respectively 4 nm is deposited on a 500 µm
thick p-(100) Si wafer by reactive evaporation of SiO powder in low pressure of the
oxygen of ∼1 × 10−7 mbar and ∼10−4 mbar, respectively, to obtain the desired
stoichiometry of the layers. In the current case, 45 such two-step processes were
sequenced, resulting in a total thickness of the superstructure of 270 nm. Finally,
the sample was subjected to 1100 ◦C annealing in pure N2 (1 atm) for 1 h. During
this step, first a phase separation of SiO molecules into Si and SiO2 [204, 205] takes
place, followed by atomic/molecular migration resulting in Si agglomeration. The
anneal temperature should be sufficiently high for the Si nanoparticles to become
(nano)crystalline [206].
Prior to ESR observations, PL measurements were carried out on the samples to
establish the size of the Si np’s. With respect to ESR observations, the influence
of this irradiation can safely be disregarded because it will only have affected a
surface size with a diameter of ∼0.3 mm (area '7.07 × 10−4 cm2), insignificant
when compared to the total surface of the ESR sample: the defects that might
have created/activated will be well below the detection limit of current ESR
measurements.
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For the ESR measurements, slices of 2 × 9 mm2 were cut of which, after protective
covering of the front side, the cutting damage and backside oxide were selectively
removed though wet chemical etching (CP4). The protective cover was removed
before subjecting the superstructure face to irradiation treatments (photon flux).
Typically, for dimensional reasons, only four slices could be stacked in one ESR
sample, thus limiting the probed superstructure surface to ∼0.72 cm2, and hence
the number of the paramagnetic centers that could be probed in one sample,
rendering spectroscopy rather laborious.
2.2.3 Experimental details: sample structure
To get more morphological insight, PL measurements [207] were performed on
samples investigated here concluding the presence of n-Si particles with average
diameter (Gaussian distribution) of 2 ± 0.25 nm.
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Figure 2.1: Cross-sectional TEM images of the same annealed SiO/SiO2 superlattice
sample as measured by ESR. (a) as-annealed structure: the lighter layers represent
the SiO2 layers, which do not change during annealing, while the darker ones are
the the initial SiO layers in which the nc-Si are formed during annealing. Here, 37
bi-layers can be measured as being left after annealing from the 45 deposited one.
The inserts are ED patterns taken on the Si-substrate/film (bottom) and from the
film only (top). This proves the formation of nc-Si. (b) The HRTEM image of the
annealed structure where the agglomerated Si particles are seen to be present only
in the former SiO layers and none in the SiO2 ones as indicated on the right side.
For clarity, two nc-Si are indicated by arrows but are not the only nc-Si observable.
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Physically the same samples as measured by ESR have been investigated by high
resolution transmission electron microscopy (HRTEM) and some images are shown
in Figs. 2.1 and 2.2. The two layer alternation is evident in Fig. 2.1(a), the light
color indicating the SiO2 layers deposited to delimit the SiO layers in which, during
high-T anneal, Si atoms agglomerate and crystallize into nc-Si shown in darker
color.
Electron diffraction (ED) patterns taken from the Si-substrate/film (bottom insert
in Fig. 2.1(a)) and from the film only (upper insert in Fig. 2.1(a)) exhibit two
major structural features of the film: the presence of superlattice spots due to
the almost perfect multilayer structure of the film; a diffuse weak intensity ring
pattern of the film. This ring pattern can be indexed based on the structure of Si
and the diffuse rings can be explained by the very small size of the nanocrystals.
The TEM investigation showed the presence after annealing of only 37 bi-layers
(instead of the initially deposited 45), indicating that part of the deposited layers
have been annealed away during fabrication. Noteworthy is that there are no nc-Si
precipitates in the initial a-SiO2 layers, the Si particles being all formed only in
the deposited SiO layers as seen from Fig. 2.1(b). These HRTEM data confirm the
presence of n-Si particles with size in the range of 1.5 - 3 nm, somewhat extended
laterally, the growth perpendicular to the layers apparently being confined by the
SiO2 layers. Thus, the resulting sample is composed of generally nc-Si particles
as theory would suggest [208, 209, 210], positioned within the initial SiO layers,
embedded in an SiO2 matrix [204]. Theoretical reports [209, 210] indicate the
nanoparticles to be strained .
In an attempt to investigate the nc-Si facets, HRTEM imaging [207] was performed
on individual Si agglomerations as illustrated in Fig. 2.2. The Si particles formed
after high temperature anneal are crystalline and appear bordered by (100) and
(111) facets amid a surrounding SiO2 matrix as it will be concluded also from ESR
measurements (see later), conferring confidence to the Si nanocrystals modeling in
Sect. 2.2.10.
From PL intensity data and inferred flatband shifts from C-V measurements
previously reported [211] for samples prepared along the same fabrication lines, the
number of Si np’s is estimated at 3 × 1012 cm−2 per SiO/SiO2 bilayer –a figure
that we will later use in inferring ESR defect densities.
2.2.4 Experimental details: ESR spectroscopy
In the attempt to identify and quantify as accurately as possible all the paramagnetic
defects within the Si np’s/SiO2 superstructure, ESR experiments were carried
out at multiple frequencies of the microwave excitation, using three different
spectrometers, i.e., X- (∼9.5 GHz), K- (∼20.5 GHz) and Q-band (∼34 GHz),
usually driven in the adiabatic mode. Routinely, conventional low-power first
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Figure 2.2: Imaging of Si nanoparticles by HRTEM. (a) Image of a single Si
nanoparticle along the [011] zone axis. (b) Corresponding Fourier transform. (c)
Bragg-filtered HRTEM image. (d) Bragg filtered image after subtraction of the
background. This clearly highlights the (111) and (100) faceting of this nanoparticle.
[207]
derivative-absorption (dPµ/dB) spectra were measured through applying sinusoidal
modulation (∼100 kHz; amplitude Bm ' 0.77 G) of the externally applied static
field −→B . These were complemented with high-power second harmonic dispersion
mode measurements (See e.g., Ref. [14]) (saturation spectroscopy) in an endeavor
to unequivocally disentangle all the appearing signals. For microwave dissipation
reasons, ESR experiments routinely had been carried at a temperature T . 30K.
While generally beneficial for signal detectivity (Boltzmann factor, noise levels,
etc.), low-T measurements suffer from enhanced sensitivity to signal saturation
(distortion) effects with decreasing entropy, which mandated appropriate reduction
of incident microwave power Pµ, as well as Bm, to such levels causing no visible
first-derivative signal distortion. Signal-to-noise ratio was improved by appropriate
signal averaging (typically ∼100 scans).
Paramagnetic defect densities were determined through double numerical
integration of the detected dPµ/dB signals by comparison to the signal of a
co-mounted point-like Si:P marker [18] (S=1/2), which also served as a g marker
(see Sect. 1.1.6). Proper corrections for the relative position of the sample and of
the marker in the cavity were taken into account when calculating the absolute
intensity of detected signals.
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Table 2.1: Overview of applied irradiations on the Si/SiO2 phase separated samples
Label1 Irradiation source Wavelength Energy Irradiation time
(nm) (eV) (h)
1a as received sample
1b He-Cd laser 325 3.80 22.5
1c Xe lamp 362 3.42 71
1d Xe lamp 180-1000 1.23-6.87 10
1e Kr lamp 123 10.02 0.17
2a Annealing in H2
(99.9999 %, 1 atm)
for 30 min at 400 ◦C
2b Ar-ion laser 351-364 3.40-3.52 330
1 Digits 1 and 2 refer to two physically different samples cut from the same wafer, while
the letter symbol marks different post manufacturing (photonic) treatments, as detailed
in the table.
2.2.5 Experimental details: post manufacturing treatments
The as manufactured sample (termed 1a) was extensively investigated by low-
power first harmonic K-band ESR to reveal occurring defects and assess densities.
After initial ESR observations on the as received samples, physically the same
sample slices have been successively exposed to different photonic treatments, as
summarized in Table 2.1 (sample sequentially labeled 1b to 1e according to applied
irradiation step).
The application of the various irradiation steps is multi purposed. (1) A first one
is the investigation of the possible presence and effect of hydrogen on the various
types of paramagnetic point defects. For example, as well known, Si-dangling
bond type defects, such as Pb-type centers at the Si/SiO2 interface, D centers
in amorphous or polycrystalline Si and E′ centers in SiO2 may readily be ESR
inactivated through bonding to H. So, while distinct systems of defect sites may
occur, these may fully escape ESR detection. Here, VUV has been found to be very
effective in cracking Si-hydrogen bonds, thus enabling to reveal defects through
ESR observation; (2) Appropriate photonic irradiation may reveal weak (strained)
bonding sites at interfaces and amorphous networks through bond breaking, thus
enabling through ESR identification to asses inherent interface and layer quality
in terms of such less-than-ideal bonding sites; (3) In relationship to the latter, an
interesting, and perhaps most vital item, is to investigate how the laser irradiation
may “in situ” affect the point defect system during the process of PL measurements,
thus potentially modifying the PL response –drift– in the course of the measuring
process itself with corresponding uncertainty on the PL data interpretations as
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a result. For one, gradual production of paramagnetic point defects would likely
affect PL properties, such as intensity and range. While PL investigations so far did
not report such variation occur, it has not been accurately analyzed in combination
with ESR observation.
It is important to note that all the irradiations performed were applied to the
entire surface area of interest (the superstructure side) of the samples, to ensure a
maximum effect on the ESR signals. In the case of laser irradiation, this required use
of defocusing lenses, a process that strongly decreases the illumination efficiency thus
mandating significantly extended exposure times if to obtain equivalent photonic
impact per sample area as effectuated by a laser spot. The first optical irradiation
was made using a He-Cd laser emitting at ∼325 nm (∼3.80 eV) for 22.5 h (sample
1b), the electrical power of the source being 15 mW. Because the irradiation by
this lamp might not be sufficient to activate all occurring intrinsic defects, second
and third irradiations (labels 1c and 1d) were performed using a Xe lamp with
an electrical power of 40 mW, more than twice stronger than the first. For the
second irradiation (1c; first Xe lamp step, 71 h) an interference filter was initially
interfaced between the lamp and the defocusing lens to select a photon window
of 362 ± 20 nm (∼3.42 eV), close to the wavelength of the first irradiation. In
the third irradiation, the full UV spectrum, (∼180-1000 nm), of the lamp was
applied for another 10 h (sample 1d). The fourth irradiation was done in the VUV
spectral range using a Kr resonance discharge lamp foreseen with MgO2 output
window at wavelength of ∼123 nm (10.02 eV) for 10 min. All the above luminous
treatments have been applied successively on the same sample, where after each
step K-band ESR measurements were performed to analyze the effect brought
about on paramagnetic defects.
To investigate the influence of the Ar-ion laser used as excitation source in the
PL measurements performed on these type of samples, a fresh as received sample,
cut from the same part of the wafer, was subjected to the same thinning and
cleaning processes as applied to the previous sample. As a first step, this sample
was exhaustively passivated in molecular hydrogen (1 atm; 400 ◦C) for 30 min
(sample step 2a), leaving, indeed, no observable ESR signal. Next, the sample was
subjected to 351-364 nm (3.4-3.5 eV) Ar-ion laser irradiation using a defocusing
lens, for 330 h, followed by another K-band ESR observation (sample 2b), the
equivalent of the doses applied in PL measurements [212].
Both of the above described samples, 1e and 2b, were additionally subjected to
extensive X and Q-band ESR with the intent to provide one more experimental
dimension, i.e., observational frequency, in helping to discriminate between and
disentangle the various occurring type of defects, in particular, the different types
of dangling bonds corresponding to Si.
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2.2.6 Results: occurring paramagnetic defects
Figure 2.3 shows a low-power first derivative K-band spectrum measured at 4.2 K
on the as received sample (1a). Besides the reference signal, we observe a rather
broad signal exhibiting some additional features. Provisionally, we label the signal
as DB, as its zero crossing g value gc ∼2.0055 situates in the range of Si DB signals,
such as Pb-type defects at the Si/SiO2 interface [28] (giso =
g‖+2g⊥
3 ≈ 2.0058) or
dangling Si bonds in disordered Si (gc ∼2.0053-2.0058) [79]. We can also safely
say that the feature is a superposition of at least two signals, but any attempt of
reliable disentanglements is deferred to the availability of additional measurements.
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Figure 2.3: First derivative-absorption K-band ESR spectrum (sample 1a; 41
cumulative scans) observed on as received phase separated Si/SiO2 superstructures,
measured at 4.2 K using Bm = 1.0 G and reduced Pµ = 7.9 × 10−10 W to
avoid signal distortion. The broken curves represent optimized simulations of the
main left signals (denoted DB) through combining overlapping powder patterns
corresponding to randomly orientated Pb(0) and D centers (dashed curve) and
randomly orientated Pb(0) with Pb1 centers (dotted curve), respectively, using the
principal g values listed in Table 2.2. The signal at g ∼1.99869 stems from a
co-mounted Si:P marker sample.
Angular dependent ESR observations as a function of the direction of the applied
field −→B with respect to the sample surface normal −→n (angle ϕB) indicated the signal
to be isotropic, i.e., ϕB-independent. Taking into account the composition of the
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Table 2.2: Principal g tensor values used for the D, Pb(0) Pb1 defects in simulating
the ESR spectra of phase separated Si/SiO2 superstructures, as shown in Fig. 2.3.
These values have been used also for the simulations needed for each of the defect
density determinations (error: ± 0.0001).
Type of defect g1 g2 g3
D 2.0055 2.0055 2.0055
Pb(0) 2.0015 2.0080 2.0087
Pb1 2.0020 2.0055 2.0070
samples, that is Si np’s, embedded in an a-SiO2 matrix, defects can appear within
a-Si (we disregard the possibility of defects in the inner part of nc-Si particles), at
the Si/SiO2 interface, and inside the bulk of the SiO2. As to the first two cases,
predominant defect types will entail Si-related dangling bonds. Among this defect
family, we can distinguish, depending on location, two kinds, i.e., D centers and
the Pb-type centers. The former concern Si dangling bonds located in disordered
Si, characteristic, e.g., for amorphous (and polycrystalline) Si, where the long
distance order is disturbed and not all the atoms are completely bonded, giving an
isotropic signal [79, 80, 81]. The second kind, the Pb-type centers, concerns the
inherent three fold Si type Si/SiO2 interface centers, whose modalities (occurrence,
type, density, etc.) and orientation strictly correspond with the c-Si substrate
face [26, 213, 214] [e.g., (100), (110) or (111)]. Moreover, for each Pb-type, the g
matrix is anisotropic (axial or orthorhombic), the ESR signals thus exhibiting ϕB
dependence. But obviously, when occurring in an ensemble of randomly orientated
c-Si/SiO2 interfaces (as, at least for a main part, evidenced to be the case in the
current samples [197]), if only for one type of c-Si face and one type of Pb defect,
a general overall ‘isotropic’ signal will appear, a powder pattern. If more than
one type of c-Si substrate face and/or kind of Pb-type defect involved, accordingly
more powder patterns will be found superposed, thus aggravating the task of signal
disentanglement, and hence delineation of occurring types of (interface) defects and
sorts of c-Si/SiO2 interfaces. In case of the current n-Si/SiO2 superstructure, such
deconvolution is highly desired in order to assess the true microscopic nature of
the Si/SiO2 interface of the embedded (c-) Si particles in terms of, e.g., occurring
c-Si faces, interface strain, etc. It is here where detailed ESR study may provide a
major contribution.
So, in case of a particular interface defect at a particular c-Si/SiO2 interface
orientation, e.g., Pb1 in (100)Si/SiO2, with many (100) planes (facets) occurring
spatially randomly orientated, a Pb1 powder pattern ESR shape will result. This,
for example, would be expected for (100)-facetted nc-Si particles embedded in a
SiO2 matrix with no correlation between interparticle orientations. On the other
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hand, should the nc-Si particles occur in crystallographic registry, then of course
the anisotropic Pb1, ESR signal(s) as pertaining to the macroscopic (100)Si/SiO2
interface would be observed. Clearly, on this matter, ESR may provide exclusive
information. Clearly also, the above will apply for each type of interface defect at
each type of interface orientation (facet). Thus, if we would expect to deal with an
ensemble of facetted nc-Si particles randomly oriented within an otherwise a-SiO2
matrix, we might expect an overlap of several Pb-type powder patterns, i.e., Pb at
(111)Si/SiO2, Pb0 and Pb1 at (100)Si/SiO2, and Pb at (110)Si/SiO2.
Depending on preparation conditions there are some minor differences in ESR
parameters between Pb and Pb0 (and Pb in (110)Si/SiO2) as well (see e.g., Ref.
[28] for more details). However, within the current simulation context, we consider
any achievable discriminative analysis on this matter beyond reach. So, we will as
onset restrict defect involvement in the observed DB signal to two Pb-type powder
patterns. Forcing a fitting of the observed spectrum with a multiple of powder
patterns would of course boost a successful, apparently perfect fitting, but obviously
at the cost of scientific credibility. Further, given the fundamentally identical nature
of Pb and Pb0, and thus the close g tensors [25, 28], we will henceforth use the
notation Pb(0) in denoting the common powder pattern. Thus, as synthesis, we
consider we might have to differentiate between three overlapping powder pattern
signals, corresponding to D, Pb(0) and Pb1-centers, and proceed computer-assisted
simulations of the observed DB spectrum that way.
In Fig. 2.3 are shown two optimized fittings to the experimental K-band spectrum,
each based on two overlapping components, i.e., Pb(0) and D centers (dashed curve)
and Pb(0) and Pb1 signals (dotted curve), using the principle g values listed in Table
2.2. These appeared the best simulations attainable. Both may seem reasonable,
with successful fitting parts for each, the latter one appearing perhaps somewhat
better, yet not decisively. Stepping to fittings based on the inclusion of all three
types of signals, with more fitting parameters, were not of much help either in
achieving a conclusive result. So, it turned out that this kind of best fitting
approach to ESR spectrum did not prove fruitful in distinguishing between the
occurring signals, and the presence or absence of one or the other type couldn’t be
confirmed of disproved using this routine. Clearly, any progress here has to come
from experiment. However, while not perfect, what the fittings so far do bear out,
as a first main result, is the occurrence of at least one Pb-type center.
Thus, to improve on this, ESR experiments were extended in two ways: (1)
Low temperature X and Q-band observations; (2) In addition to first harmonic
detection, out of phase second harmonic measurements under signal saturation
conditions (saturation spectroscopy). Although, dependent on specific signal
properties (relative g values, dominant line broadening mechanism, signal shape,
etc.), the potential benefit for disentanglement of overlapping signals from ESR
observations at different observational frequency is obvious; it may further add to
the reliability of signal defect identification. As to the high-power second harmonic
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spectra, these are known, under appropriate experimental conditions, to resemble
direct absorption shapes (χ”), as empirically evidenced [14]. So, peak maxima here
would correspond to the zero crossing g values of the regular dPµdB spectra.
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Figure 2.4: First derivative X-band (8.91 GHz) spectrum measured on a phase
separated SiO/SiO2 superstructure at 4.2 K using Pµ = 3.95 × 10−7 W subjected
to VUV irradiation (sample 1e). The DB response appears as a single, rather
featureless, signal, indicating the limited appropriateness of lower frequency
observations regarding signal discrimination (cf. Fig. 1).
The result of lowering the observational frequency is illustrated in Fig. 2.4. Here, is
shown a representative conventional X-band dPµ/dB spectrum observed on sample
1e, which may be compared with the similarly observed K-band result (see Fig.
2.5(e)). Apart from the main DB feature, we see the appearance of two more
signals, i.e., E′γ and EX, which will be addressed later. Clearly, with respect to
(DB) signal resolution enhancement, X-band observations provide no progress.
More hope then was put in Q-band observations. However, particular limitations
of the Q-band spectrometer (i.e., operational reduction of Pµ), in combination with
sample losses, prevented us to obtain correct undistorted first harmonic spectra at
low T. However, at the rescue, second harmonic saturation spectroscopy, exploiting
the high (differing) saturability of the various ESR signals at low T appeared more
successful. For such spectroscopy, the applied Pµ has to be high (enough) in order
to saturate the signals to appropriate levels. It is important to note that this
method appears reliable only to obtain the “position” (g value) of the signals and,
likely, lineshape. Not, however, for inference of the signal intensities, not even in a
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relative comparison because different signals exhibit different saturation properties,
the precise effect of which on signal response appears less transparent. The different
saturation levels are depicted in Fig. 2.6, where we can finally distinguish the
signals constituting feature DB.
Figure 2.6 shows a typical out-of-phase high power second harmonic signal observed
on sample 1e, finally enabling to discriminate the signals contributing to the DB
feature. Apart from the Si:P marker signal, four absorption type signals may be
discerned. These include the readily assigned E′γ and EX signals (at gc =2.00055
and 2.0025, respectively), and two more prominent, broader signals characterized
by gc =2.007 and 2.0045, respectively, which values correspond to the zero crossing
gc values of the Pb0 and Pb1 powder patterns. There is no evidence for the presence
of a D signal at gc ∼2.0055, allowing us to conclude that, on ESR grounds, the
Si np’s are predominantly crystalline, delimited by (100), (110) or (111)Si/SiO2
interfaces (and possibly others, as Pb-type centers might occur as well at other
c-Si/SiO2 interface types, but, as to ESR, this remains so far unexplored). The
DB signals appear to be majorly, if not solely, composed of Pb(0) and Pb1 powder
pattern signals, in accord with what was already suggested by the successful
fitting (doted curve) illustrated in Fig. 2.3. In addition, if there would also occur
some amorphous (disordered) np’s, their number remains below the, albeit rather
impressive, detection limit –so the occurrence is disregarded. This provides first firm
ESR evidence for the crystalline state of the majority of the Si-np’s, in compliance
with previous inference [197, 215]. Accordingly, we shall henceforth refer to nc-Si
particles.
2.2.7 Results: irradiation treatments and ageing
Having succeeded in tracing the DB signal composition as originating from Pb-type
defects at c-Si/SiO2 interfaces, we can focus on the evolution of this signal, and
possibly other appearing ones as well as a function of time and additional treatments
(irradiation, annealing). In Fig. 2.5, the evolution of the low-temperature (T=
4.2 K) first harmonic K-band signals is compared for the as received sample (a)
and after each of the 4 consecutive irradiation steps (cf. Table 2.1), that is: (b)
He-Cd lamp with 325 nm output; (c) Xe lamp with an interference filter interposed
between the source and the diffusion lens, to deliver light at 362 ± 20 nm; (d) full
Xe lamp UV spectrum (180-1000 nm), and (e) VUV Krypton lamp photons with λ
∼123 nm. The evolution of inferred defect densities is histogrammed in Fig. 2.7.
The top panel in Fig. 2.5 shows a K-band spectrum observed on the as received
sample. When compared to this, the (low power) He-Cd laser irradiation (spectrum
(b)) did not ensue any observable effect: the DB response is not affected nor do
any additional signals appear. This situation changes after the second illumination
treatment (spectrum c; Xe lamp with filter) as the EX signal [124] appears,
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Figure 2.5: Evolution of the first derivative K-band ESR spectra (4.2 K) measured
on the phase separated Si/SiO2 superstructure, under various (photonic) irradiation
treatments. Spectrum (a), observed on the as-received sample 1a, is the one
presented in Fig. 2.3 and repeated here for the completeness of the comparison.
Subsequent spectra are observed after sequential illumination using (b) a He-Cd
laser (∼325 nm), (c) a Xe lamp in combination with an interference filter (∼362
nm) or (d) without (full spectrum: 180-1000 nm), and (e) a Kr VUV lamp (∼124
nm). All spectra were measured using Bm < 1 G and Pµ < 7.9 × 10−10 W. Vertical
lines mark the zero crossing field values of the various observed signals.
characterized by gc = 2.0025; the DB signals still remains unaffected. After the
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Figure 2.6: High power (saturation) second harmonic out-of-phase Q-band spectrum
taken at ∼25 K on a SiO/SiO2 superstructure subjected to VUV irradiation
(sample 1e). The absorption type signals provided by this detection mode, in
combination with dissimilar responses to the spectroscopical settings, reveals the
various constituent signals in the spectrum as marked by the maximum-absorption
g values (corresponding to the respective gc values in the first harmonic spectra).
The spectrometer settings (Bm = 0.37 G and Pµ = 1.7 × 10−6 W) were chosen to
optimize resolution of the various spectral components. In particular, the nature of
the DB signal (first harmonic detection; see Fig. 2.3) as predominantly composed
of Pb(0) and Pb1 components is exposed.
next illumination (full Xe lamp (UV) spectrum), EX increases slightly and one
more SiO2-associated defect appears (spectrum (d)), i.e., the E′γ defect [39], with
its typical double-peak characteristic powder pattern shape, at gc = 2.00055. The
next Kr lamp VUV irradiation basically increases this signal (Fig. 2.5(e)), while
leaving the other signals unaffected. Both the EX and E′γ type of defects pertain
to the SiO2 matrix in which the nc-Si are embedded and might thus have been
anticipated.
Possible aging effects on the ESR active centers have been checked as well;
remeasuring sample 1e about one year after the ‘final’ VUV treatment, indicated
the Pb-type signals to have remained unchanged, regarding both line shape and
intensity.
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Figure 2.7: Intensity histogram for all paramagnetic defects observed in phase
separated SiO/SiO2 superstructures over the various applied post-manufacturing
treatments (photonic irradiations and passivation). The intensities were inferred by
use of optimized computer simulations of the separate signals (i.e., Pb(0), Pb1, E′γ
and EX centers) on undisturbed low power (Pµ < 7.9 × 10−10 W) first harmonic
K-band spectra measured at 4.2 K under equivalent conditions over all sample
treatments. Note that for the unpassivated sample (1a-1e) the Pb(0) and Pb1
densities remain constant within experimental error over the different irradiations,
indicating the absence of hydrogen at the nc-Si/SiO2 interfaces. Passivation in
H2 is seen to inactivate all Pb-type defects, and only a fraction of ∼16 % gets
reactivated by the Ar-ion laser photons. With respect to the SiO2-specific defects,
the Xe lamp (full spectrum) maximally activates the EX centers, while the E′γ
centers start to appear in the spectrum after the full UV irradiation, and are further
enhanced by VUV irradiation. The curves and lines are only meant to guide the
eye.
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The evolution of inferred areal defect densities over the various post-manufacturing
treatments applied is plotted in Fig. 2.7, showing noteworthy aspects: (1) Over
the various luminous treatments, the Pb(0) and Pb1 densities remain unchanged
within experimental error at the values of (4.3 ± 0.2) × 1013 and (3.6 ± 0.2) ×
1013 cm−2 respectively, giving a fixed total Pb-type defect density of (7.9 ± 0.2) ×
1013 cm−2; (2) EX centers are generated (ESR activated) after the first Xe lamp
UV (3.42 eV) irradiation to a density of (2.5 ± 0.4) × 1011 cm−2, and reaches
a maximum value of (6.3 ± 1.0) × 1011 cm−2 after the full UV illumination, to
remain unchanged after the VUV treatment; (3) The E′γ center first appears after
the second Xe lamp UV irradiation, at the density of (1.0 ± 0.2) × 1012 cm−2, but
is strongly enhanced by the final VUV irradiation, attaining the value (7.1 ± 0.4)
× 1012 cm−2.
2.2.8 Results: defects and PL measurements
Having achieved identification, localization and quantification of the occurring
(intrinsic) paramagnetic defects in the phase separated Si/SiO2 superstructures, we
may find ourselves in an adequate position to evaluate the possible effect of in situ
defect generation (ESR activation) during the process of PL measurement itself. As
mentioned, for this we have taken four fresh slices (2 × 9 mm2 each) from the same
part of the wafer as the first sample was taken from. In a first step, this sample
was subjected to H passivation to ESR-silence all defects. This appeared very
efficient, as evidenced by K-band ESR spectrum shown in Fig. 2.8(a), indicating
no ESR signal being left. Then, the sample was placed in front of a defocused
Ar-ion laser beam, usually used for PL measurements, for 330 h, after which the
ESR spectrum, shown in Fig. 2.8 (b) was taken. Clearly, same Pb-type centers
were reactivated, albeit in substantially less quantities than initially observed in
the as-fabricated sample; the inferred reactivated density was (5.6 ± 0.7) × 1012
cm−2 and (7.4 ± 0.4) × 1012 cm−2 for Pb(0) and Pb1 signals respectively. Such
reactivation of Pb-type centers may not come as a surprise. Indeed, once created, a
Pb-type center exhibits fully reversible hydrogen passivation-depassivation kinetics
[64]. Beside Pb’s, E′γ defects got activated to a density of (4.3 ± 0.4) × 1011 cm−2
–more than one order of magnitude smaller than the maximum revealed by VUV.
No EX defects could be traced within experimental accuracy.
Magneto-PL experiments were performed on the samples both in the as-crystallized,
passivated, and depassivated state, as detailed by Godefroo et al. in Ref. [207]. The
technique consists, principally, of placing the sample in a variable magnetic field
between 0 and 50 T while the sample is kept at 85 K. The PL emission is recorded
and the center of mass of the PL peak is plotted against the magnetic field value as
shown in Fig. 2.9. Graphs (a) and (c) are obtained on the samples in which defects
are ESR active (paramagnetic), while (b) is taken for the sample passivated by H.
A clear parabolic field dependence, such as exposed in graph (b), is characteristic of
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Figure 2.8: First harmonic K-band ESR spectra observed under similar
spectroscopical settings (Pµ < 7.9 × 10−10 W, Bm = 0.8 G) on sample 2, subjected
to (a) passivation in H2 (1 atm; 405 ◦C) and after subsequent Ar-ion laser irradiation
(351-364 nm) for 330 h. The latter step is seen to partly reactivate the Pb(0), Pb1
and E′γ signals; all are inactivated after the first step (a).
PL from a state that is quantum confined by the nanocrystal, whereas no detectable
field dependence indicates that a very highly localized (defect) state is responsible
for the PL (a and c) [207]. This investigation clearly shows how a system can be
switched from defect to quantum confinement originated PL and back.
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Figure 2.9: Shift of the center of mass of the PL peak (∆ECM )as a function of
externally applied magnetic field, measured at 85 K [207]. (a) As-crystallized
sample; The dotted line indicates the mean value of the measured points. (b)
Passivated sample. The solid line, showing a parabolic fit, indicates the quantum
confinement origin of the PL. (c) Sample partially depassivated by the Ar-ion laser
UV irradiation (351-364 nm). The dotted line indicates the mean value of the
measured data [207].
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2.2.9 Analysis and discussion
As outlined, the investigated system is comprised of nc-Si particles about 2 nm
across, yet somewhat enlarged laterally, embedded in a SiO2 matrix, whose particles
have formed during the high-T phase separation treatment within the 37 layers of
deposited SiO, interspaced by 4 nm thick layers of SiO2. The ultimate inter-core
distance of the formed Si-np’s is determined by the stoichiometry of the initial
SiOx layer [211] –SiO in this case– and the attained size of the nanocrystals, at
least on the direction perpendicular to the layers, is in close connection with
the initial thickness of this SiO layer. On the basis of the studied properties of
the composing materials, but at microscopic size, such Si/SiO2 nanostructures
may be anticipated to exhibit point defects. For one, unless properties on the
nanoscale would differ drastically from those at the macroscopic one, the Si/SiO2
interfaces must exhibit their inherent 3-fold coordinated Si defects resulting from
the lattice/network mismatch between the two materials. And indeed, as turns
out from the current ESR study, in combination with appropriate defect activation
treatment, the system appears beset with point defects. It has been a main goal of
this work to typify (identify) the occurring defects, determine densities, and infer
the location of these with particular parts of the heterogeneous superstructure. Four
types of defects could be isolated, i.e., the Pb(0) and Pb1 Si/SiO2 interface defects,
and the SiO2-associated E′ and EX defects. According to the current atomic
understanding, all these concern intrinsic point defects. While point defects are
generally highly unwanted for aimed technological applications, in converse, such
defects may well serve as very local probes of utmost (atomic) sensitivity, where the
structural environment is sensed through the spatial extend of the unpaired electron
orbital. It is a basic attribute of the magnetic resonance technique. We may now
address the information potential provided by each of these defects concerning the
superstructure.
For clarity, it needs to be remarked that these, by nature of detection, only concern
ESR-active centers, which number will represent an underbound of all present.
There likely are still present other types of defects, either ESR-inactive or only
occurring in densities insufficient to enable successful ESR detection.
2.2.10 Analysis and discussion: interface defects
We first may address the predominant (Si) DB signal, ascribed (generically) to
Si3 ≡ Si• type defects. At least five results stand out:
1. As outlined, by virtue of the combination of (several) observational frequencies
and detection modes, this DB signal has been quite reliably disentangled as
being composed of an overlap of Pb(0) and Pb1 powder patterns. For clarity,
here it should be added that the Pb and Pb0 centers at microscopic Si/SiO2
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interfaces, basically being identical defects of axial symmetry, generally do
show some (weak) differences in principal g values (and in signal shape
properties as well), the kind of overlap did not enable us to attain any
discriminative conclusion on this level. So, if both types of defects would
occur, the corresponding signals, rather than attempting fitting two, have
been united into one powder pattern. This inability to discriminate may
appear unfortunate as to drawing potentially useful conclusions afterwards
as the Pb and Pb0 centers, at least for the microscopic case, do pertain to
crystallographically different interfaces, i.e., (111)Si/SiO2 and (100)Si/SiO2,
respectively. A particularly noteworthy result of the signal disentanglement
is the conclusion of absence of the D center, at least within experimental
accuracy. Based on the known properties of a-Si, where D centers are
abounding, it indicates the major part of the n-Si particles, if not all, to be
highly crystalline, well in compliance with previous conclusion from HRTEM
and soft x-ray spectroscopy [216] studies. It constitutes the first solid ESR
evidence on this matter.
2. The fact that the uncovered Pb(0) and Pb1 signals appear as powder patterns,
rather than anisotropic multi-branched ESR spectra, indisputably indicates
the nc-Si particles to be randomly oriented, i.e., not crystallographically
in registry, thus appearing as a “powder” of nc particles. Given the kind
of preparation method, with no crystallographic ‘seeding’ element present,
this conclusion perhaps does not come as a surprise. (This differs from the
“reverse” method of c-Si-particles-in-SiO2 formation, as e.g. in the separation
by implantation of oxygen [217] (SIMOX) method, where c-Si islands are
formed in the buried oxide through oxygen implantation of a c-Si substrate).
3. In this respect, one more finding is that within experimental accuracy, no
anisotropic (ϕB dependent) spectra are observed. This would tell us that we
cannot discern against the “background” of isotropic signals the anisotropic
Pb-type signals undoubtedly present at the microscopic c-Si substrate/SiO2
interface, viz. each defect occurring in densities of ∼1 × 1012 cm−2 in
standard thermal [30] (100)Si/SiO2. But as these values would give for our
sample area a total number of ∼0.7 × 1012 cm−2 for each defect type, that is
less than 1% of the actual number involved in the inferred Pb(0), Pb1 powder
patterns, resolving these signals may not be feasible. Reassuringly, it further
affirms the observed Pb-type defects to pertain to the nc-Si/SiO2 interfaces.
4. In passing, the data also provide one more conclusion on the possible
involvement of H in the superstructure. As shown in Fig. 2.5, the number
of Pb(0) and Pb1 centers stays constant within experimental error (±30 %),
both in total number and relative ratio (summing to a total density of ∼7.8
× 1013 cm−2 ). Over the various photonic treatments applied, including a
final VUV irradiation, known to be efficient in depassivating the preexisting
defects that might have rendered inactive (hydrogen passivated) during the
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fabrication process, the constant values indicate that no Pb-type defects had
been left H-passivated in the as-received sample as might have been expected
from the final high-T phase separation anneal in pure N2, viz. thermal H
removal in an N2 ambient sufficiently lain in H-related species.
5. Further focusing in, we may attempt to assess what information the disclosed
Pb-type defect spectra may provide about the nc-Si particles properties.
Provided that our broad knowledge of the microscopic Si/SiO2 system can
be transferred down to the nanoscale, i.e., the nc-Si/SiO2, we may arrive
at some tentative conclusions. A first one concerns the shape of the nc-Si
particles. Established as being (mono) crystalline, the Si nanocrystals are
likely bordered by a mix of (nanosized) facets of c-Si planes, e.g., (100), (110),
(111), etc. Previous HRTEM investigations [197] have evidenced (at least
part of) the Si particles to be crystalline in a spherical like shape, yet with
however no further information on the particles’ precise morphology. This
though may be of fundamental interest. In such embedded case, where c-Si
particles grow through thermally stimulated atomic agglomeration (diffusion)
amid an a-SiOxO2−x (x ≤ 1) matrix, such as in the current case of the
layered SiO/SiO2 superstructure approach, or after Si implantation in an
SiO2 matrix (see, e.g., Cheylan et al. [218]), it is not a priori known what
would be the ultimate naturally determined bordering morphology of the
growing Si nanocrystals. It has raised substantial theoretical interest within
the nanoscience world [219, 220]. Likely, it will entail a net lowest entropy
compromise between an intricate mix of influential factors encompassing
local strain, surface tension, crystal energy (i.e., the particles do not grow
amorphous), bond strengths and lengths, and particle size.
The influence of strain may be drastic. As possible root causes for strain, there is
the difference in thermal expansion coefficients of Si and SiO2, the volume shrinkage
(molar volume ratio of SiO2 to Si of ∼2.2) associated with the transformation of
an a-SiOx region into denser c-Si, and changing surface/volume ratio with varying
nc size.
From the above analysis, we have concluded the observation of the Pb(0), Pb1
interface centers, with no evidence for a D signal. Occurrence of only Pb0 and Pb1
defects would, in a plane “bulk” reasoning, hint at predominantly (solely) (100)
faceted nanocrystals. But, as outlined, since the data did not enable making a more
in depth distinction between Pb and Pb0 signals (the spectra at the microscopic
(100) and (111) planes appearing largely identical), the objective conclusion should
rather entail the occurrence of all three types of Pb centers (Pb, Pb0, Pb1). So, on
this basis, a first order inference would be the Si nanocrystals to be bordered by
a mix of the low index (100) and (111) facets. But, as reported [214], since the
Pb center signal at the (111), (110) and (100) faces would appear very similar,
in an objective attitude one arrives at a mix of all three low index facets (100),
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(110), (111). Furthermore, in lack of any information on Si/SiO2 interface defects
for higher index Si planes, we even cannot a priori exclude additional occurrence
of these. Likely, however, low index plane will be predominant, as hinted from
previous observations (SIMOX). In striving to probe still deeper, we may next,
in addition to the kind of defects observed, address the observed defect numbers
(densities). Again, we use the microscopic Si/SiO2 case as step stone. Then, if all
three low index facets would prevail in equal areal proportions, we would expect a
defect ratio R ≡ [Pb(0)]/[Pb1] ≥ 8, in contrast with current observations. So, on
this basis, the ‘equal low index facets occurrence’ diagnosis would be incorrect.
Instead, the inference R∼1.2 –a well know attribute of the standard microscopic
(100)Si/SiO2 interface [221]- would rather hint at nc-Si particles with a mix of
(111), and predominant (100) facets, perhaps as appearing in a [100] truncated
(111) Si octahedron, as shown in Fig. 2.10. This, apparently is corroborated by
theoretical simulations [192, 208, 219].
 
[111] 
[100] 
Figure 2.10: Idealized average morphology ([100] truncated (111) octahedron) of
embedded nc-Si particles in phase-separated SiO/SiO2 entities as inferred from the
occurring Pb(0) and Pb1 (Si/SiO2) interface defects, based on microscopic defect
properties.
But again, it should be cautioned that the above inferences draw on the assumption
that microscopic properties may be carried over to the nanosize, an at least
questionable approach. We must be aware of a potential drastically different
behavior. For one, at the nanoscale, it might well be that the incorporation
(generation) of the Pb1 defect does not require such situation as a real (100)Si/SiO2
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facet. The defect, viewed as a defected Si dimer [30, 66], might grow in from a
totally different angle. The occurrence of a relatively high density of Pb1 type
centers may be related, given the envisioned atomic nature of the defect [30], to
an enhanced density of step edges at bordering facets. In this respect, we should
also point to the distinctly different realization of the Si/SiO2 interface, i.e., nc-Si
particles grown from inside out within an existing SiOx matrix, in a sense opposite
to the standard procedure of (thermal) oxidation of c-Si. Circumstances differ.
Further assessing the quality of the interface, we may calculate the Pb-type defect
density per effective nc-Si particle (interface) area. For nc-Si particles of ∼2 nm
across (in average) and taking into account that the revealed Pb-type defects
exclusively pertain to the nc-Si/SiO2 interfaces, we obtain an effective areal density
of ∼(2.5 - 4.7) × 1012 cm−2 assuming spherical or prolate spheroid shaped particles
(compressed spheres along the sample normal −→n ), respectively. This value is
comprised within the range (2 - 5) × 1012 cm−2 of naturally inherent defects
characteristic for the standard quality thermally grown interfaces. If not purely
coincidental, it could indicate the interfaces of both systems to be comparable,
i.e., that the microscopic Si/SiO2 interface properties are retained down to the
nanoscale, at least regarding occurring intrinsic interface defects. Then c-Si particles
diameters of ≥ 2 nm would suffice to realize such properties. But again, we should
be extremely cautious about the actual density of interface defects to be expected.
For the given Si particle density, we find a Pb-type defect for every ∼1.4 nc-Si
particle –close to about one defect per particle. Here, within the view that Pb-type
centers are incorporated in adopting c-Si/a-SiO2 interfacial mismatch, one may then
wonder, for similar particles, why not occurring one such defect for each particle,
should the one-defect occurrence be the adaptation norm? Probably not so, for
various possible reasons, such as statistical variations in particle size, morphology,
and purity. Moreover, adding to the complexity of such consideration, one should
also recall that the true particle size in the current nanostructures may not be
so uniquely defined, cf., in relationship with the ‘inevitable’ presence of a non-
stoichiometric (suboxide) transition intermediate (‘reactive’) layer [222] between the
c-Si core and surrounding SiO2, as also well known from the macroscopic case; The
interface is not atomically abrupt [216]. Interestingly, given this finding, the nc-Si
particles system appears as divided in two about equal parts, i.e., one composed of
nanocrystallites with an interface relaxing interface defect, the other part without.
As the Si DB type defects were found to be highly efficient in quenching of PL above
1.1 eV [223, 224], it would leave this system PL inactive. Indeed, in related work,
this has been exquisitely demonstrated though inactivation of the Si DB centers,
resulting in unequivocal demonstration of quantum confinement (QC) determined
PL from high-magnetic field magneto-PL measurements [207]. In fact, through
repeated activation and inactivation of the Pb-type interface centers, the origin
of PL could be reversibly switched between QC and defect determined. Without
elimination of the Pb defect system, no QC determined PL could be revealed. Such
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inverse correlation between the density of active Pb-type defect centers and PL has
been observed before [225].
2.2.11 Analysis and discussion: SiO2 associated defects
Upon photonic irradiation, two types of SiO2-associated defects are ESR activated.
First appears the EX defect after ∼362 nm (filtered Xe lamp) irradiation, with
density of (2.5 ± 0.4) × 1011 cm−2, increasing to (6.3 ± 0.4) × 1011 cm−2
(corresponding to a volumetric value of [EX] = (4.1 ± 0.6) × 1016 cm−3) after
further full spectrum Xe lamp irradiation, to remain constant after subsequent
VUV illumination. The presence of EX centers, albeit in rather low intensity, may
be indicative for a somewhat lower quality of the ultimate SiO2(x) matrix, which
may be linked with the kind of deposition or phase separation annealing procedures
applied. So far, nothing is known about the (impact on) PL or optical activity
of these centers. Yet, electrically, it has been inferred these to be in the positive
charge state when ESR active [226], so because of the charge trapping nature, their
presence may play a role.
After VUV irradiation, the E′γ center reaches a maximum density of ∼(7.1 ± 0.6)
× 1012 cm−2. The center, identified as an unpaired electron at a 3-fold coordinated
Si (generic entity O3 ≡Si•), may thus be taken as a measure for the presence
of oxygen-vacancies, or at least, oxygen deficiency of the SiO2 matrix -a quality
label in that sense. In thermal a-SiO2, it has been concluded the center to be in
the neutral charge state when ESR active [99]. From the successive irradiation
treatments we may conclude that EX center is easier activated, at lower photon
energy than E′γ , reaching its maximum density after the full spectrum Xe lamp
irradiation while the latter defect becomes just observable in the spectrum. The
upper limit of the activation for the E′γ centers is reached after VUV irradiation,
i.e., related to substantial increase in hν, not the exposure time as it can be
seen from Table 2.1. Volumetrically, based on the estimated amount of SiO2, the
observed E′γ density corresponds to [E′γ ] ' (4.6 ± 0.3) × 1017 cm−3 of SiO2, which
may be compared with the value of ∼3 × 1017 cm−3 found for the standard thin
thermal SiO2 on Si after exhaustive VUV irradiation [103]. Assuming 10 min VUV
irradiation to activate the E′γ centers in this structure exhaustively, this would
indicate the quality of the current SiO2 matrix reaching that of standard thermal
SiO2.
2.2.12 Analysis and discussion: reactivation of defects
The importance of hydrogen passivation of defects in Si, SiO2, and at Si/SiO2
interfaces has long been proven [52, 57, 227, 228] and used in the fabrication process
of CMOS transistors for example. There are also reports on the beneficial influence
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of the passivation on PL [229]. The beneficial impact of the hydrogen-passivation
treatments (400 ◦C; 30 min; 1 atm H2) is immediately clear from Fig. 2.8(a), where
it seems that all ESR-active signals have disappeared. We applied the treatment
to our sample with the aim of “eliminating” the defects, thus creating a virgin
sample to enable evaluation of the potential (perturbing) influence that the PL
measurement may have by itself (photonic impact) on defect activation, i.e., what
kind of defects might be (re-activated) by the Ar-ion laser used to perform PL
measurements. As illustrated in Fig. 2.8 (b), we observe reactivation of both
Pb(0) and Pb1 centers. While comparable, Pb1 centers appear to be reactivated
slightly faster. One explanation may be that the irradiation tends to reactivate
faster entities that are more strained. Summing the two intensities, we obtain
one Pb-type defect every 8.6 Si-nc. So, applying the equivalent of a photon dosis
used in a standard PL measurement seems to activate only a fraction (∼0.16) from
the pre-existing Pb-type defects. The total number of Si/SiO2 interface centers
activated by the equivalent of the photon irradiation applied during one day of PL
measurement reaches only about one sixth of the fraction of c-Si particles with an
initial Pb-type defect. The exciting (instrumental) irradiation will weakly distort
the PL results, yet not substantially.
2.2.13 Conclusions
The current multifrequency ESR study has addressed inherent point defects in
phase separated Si/SiO2 superstructures with embedded Si nanocrystallites (∼2
nm across). The occurrence of four types of paramagnetic defects, i.e., Pb(0), Pb1,
E′γ , and EX, has been delineated.
For the as-manufactured sample state, a main result is that the principle Si DB
signal has been found to be composed of overlapping powder patterns of Pb(0) and
Pb1 Si/SiO2 interface-specific defects, pertaining to the nc-Si/SiO2 interfaces. The
absence of a D signal provides independent ESR evidence for most part, if not all, of
the Si particles to be crystalline, which occur randomly oriented. Assuming that the
known properties of the standard thermal microscopic Si/SiO2 interfaces may be
transferred down to the nanoscale, the specific signatures of the revealed Pb(0)/Pb1
systems would comply morphologically with the nc-Si particles, in average, being
principally bordered by (111) and (100) facets as, e.g., in a [100] truncated (111)
octahedron, in compliance with theoretical modeling.
This Pb-type system density remains unchanged under subsequent various UV/VUV
irradiations for substantial times, indicating an inherent defect system with no
involvement of H passivation, as might have been expected from samples prepared
without (deliberate) presence of H, subjected to the final high-T phase separating
anneal in N2 at 1100 ◦C.
64 Chapter 2: Inherent paramagnetic defects at nc-Si/SiO2 interface in layered superstructures
Disregarding the occurrence of more than one defect at a Si nanocrystal, we find
about one Pb-type defect every 1.4 Si particles, indicating the nc-Si system to be
comprised of two subsystems, one with and one without having incorporated a
strain relaxing Pb-type defect -the latter within the view, as generally adopted for
the macroscopic Si/SiO2 system, that Pb-type centers are introduced to account
for interface lattice (c-Si)/network (a-SiO2) mismatch. For as far as paramagnetic
defects may affect physical properties, rather ubiquitous in fact, this will have
repercussions for experimental response, e.g., PL behavior, where the current
quantification by ESR may appear much useful. Given the known PL quenching
properties of Si DB type defects in general, we are left with two subsystems with
drastically different PL behavior, as has indeed been demonstrated elsewhere.
In addition to qualitative aspects, the absolute density of Pb-type defects per
effective nc-Si (interface) area is found right in the range of standard microscopic
Si/SiO2 entities. It bears out the encountered nc-Si interfaces to be of standard
thermal (high) quality, meaning that even with growing the Si nanocrystallites
from within the SiO2 environment one ends up with an interface quality competing
with the best of the classical macroscopic growing techniques –probably not
a straightforward matter given the totally ‘opposite’ ways of Si/SiO2 growth.
Intriguingly, the Pb-type defects evolve in the same fashion. It seems to underscore
the universality of the Pb-type centers as archetypical Si/SiO2 interface defects
unavoidably inherently connected with the natural Si/SiO2 mismatch, which needs
to be incorporated in theoretical modeling. Thus as it is not the case for the
classical thermal Si/SiO2 entity, there neither in the current nc-Si/SiO2 case does
there exist a ‘magic’ recipe to realize a Pb-type defect lain Si/SiO2 interface. And
if no post formation action is taken (i.e., inactivation), these will show up as
detrimental unpaired-spin defects.
After UV/VUV irradiation, two SiO2-associated defects, i.e., E′γ and EX, have been
resolved. Based on the measured exhaustive volume densities of E′γ , the attained
quality of the Si oxide in the superstructure would match that of standard thermal
SiO2 on Si –quite remarkable, indeed. So, all together, the unveiled properties of
the inherent paramagnetic point defects, serving as atomic probes, point to (top)
standard quality of the inner nc-Si/SiO2 interfaces as well as the SiO2 matrix.
Thus, as to the control of inherent point defects (detrimental charge traps), it may
be hard to still improve on this nc-Si-in-SiO2 structure.
The EX centers, typically observed in densities one order of magnitude less than
E′γ , are ESR-activated at lower photon energy than E′γ . Since its atomic attributes
are less well known, the relevance of the EX center, concluded to be in the positive
charge state when ESR-active, to the oxide quality is less clear. But overall the
defects seem to play an inferior role.
In combination with exhaustive H passivation treatments, the photon excitation
(Ar-ion laser) applied in PL measurements is observed to (re)activate paramagnetic
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defects, i.e, Pb-type and E′γ centers. Though the activation appears weak in terms
of defect fractions, the phenomenon should urge caution in performing extensive PL
measurements as it may in situ obfuscate results. The affect is not unexpected as
UV/VUV ESR-activation of (preexisting) defects excitation in a-SiO2 and Si/SiO2
systems is long known.
2.3 Annealing ambient influence on paramagnetic
centers: Pb0 point defect at the origin of PL
quenching
2.3.1 Introduction
In the first section of this chapter, the result of a first in depth ESR investigation
on layered nc-Si embedded in a-SiO2 obtained by the superstructure approach
(annealing of SiOx/SiO2 bi-layers stacks) have been presented. As one inference,
we concluded that point defects inherent to the structure are quenching quantum
confinement PL, yet no further specification has been attained as to which type of
defect is causing this. This will be addressed into more detail in this second part
of ESR research.
The superstructure technique is offering a good nc size and density control
by independently changing deposition parameters like SiOx layers thickness or
stoichiometry, minimizing the influence on PL of defects and variations in nc-Si
size, thus facilitating the discrimination process.
It has been shown that the annealing ambient is affecting [149, 230] the PL observed
from nc-Si/SiO2 structures in the sense that the growth of the Si nc’s is restricted
in the case of N2 compared to Ar annealing. To understand the mechanism, we
are here analyzing ESR measurements on a wide number of samples (annealed
in N2 or Ar) and the results are combined with the conclusions drawn from PL
measurements on physically the same samples, this in an attempt to find out how
the annealing ambient is affecting the attained superstructure and thus get better
understanding about which defects influence PL.
2.3.2 Experimental details: sample preparation
All samples were deposited (single side) on 150-µm thick p-type (100)Si wafers
cleaned initially by piranha (H2SO4:H2O2 mixture for 10 min at 70 ◦C) and HF (1
% HF in H2O) solutions. Three sample sets were prepared using the superstructure
approach as described in more detail in Sect. 2.2.2. In the current case, SiO powder
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was evaporated either under high vacuum (<1 × 10−6 mbar) or O2 pressure (≈ 8 ×
10−4 mbar). On two Si wafers 50 SiO/SiO2 bi-layers were grown with thicknesses
of 2 nm/4 nm (sample A2) and 5 nm/4 nm (sample A5), respectively, while on a
third substrate one 300-nm thick SiO layer was evaporated to produce a control
sample, named B for convenience. For the layered samples the estimated total
thickness of the SiO layers is 100 and 250 nm, respectively, values lower than the
compact SiO layer thickness. All three samples were capped with a 10 nm a-SiO2
layer to avoid the evaporation during high-T annealing of some top layers as it
happened for the sample described in Sect. 2.2.3. Each of the three wafers were cut
in two, one half being annealed in Ar and the other half in N2 ambient at 1100 ◦C
for 1h (gas purity > 99.9999 % obtained with additional point-of-use purification)
in a quartz tube furnace equipped with a turbomolecular pump and electrically
controlled pressure regulation. The annealed samples got “Ar” or “N2” added to
their labels.
To increase sensitivity by of the ESR measurements on passivated samples, a 75 µm
thick p-type (100)Si wafer was used as substrate for the deposition on each side of
45 SiOx/SiO2 bi-layers 3 and 4 nm thick, respectively, thus enabling us to increase
the volume of the superstructure fitted in the cavity. The sample was labeled A3.
Rutherford backscattering measurements on similar samples fabricated using the
same pressure parameters indicate the stoichiometry of the SiOx layer to be x =
1.2 [231]. A 10-nm SiO2 capping layer was deposited over the superstructure to
avoid partial sample evaporation during high temperature annealing. The wafer
was cut in two, one piece annealed in N2 and the other in Ar (labeled A3N2 and
A3Ar, respectively). Those samples were to be used for determining by ESR low
density impurities incorporated in the structure, thus, much attention was payed
to the purity of materials used in the process. The furnace tube was evacuated
to 1 × 10−6 mbar prior to establish a N2 or Ar gas flow of 50 sccm at a constant
pressure of 1050 mbar. The leak rate in the system was measured to be negligible
(∼ 10−5 mbar l s−1) and the purity of the gases is better than 99.9999 %. So, we
have obtained two thin samples (∼75 µm) labeled A3N2 and A3Ar.
2.3.3 Experimental details: post manufacturing treatments
The samples A2, A5 and B annealed either in Ar or N2 were cut again in half, one
piece of each type being additionally annealed in forming gas (5 % H2 in N2) for
1 h at 500 ◦C, now “FG” being added to their label. Following this procedure 12
samples have been produced at IMTEK, Germany, by varying three parameters:
initial SiO layer thickness (influences c-Si size after annealing), annealing ambient
and passivation of the structures.
The sample A5ArFG was additionally passivated in this laboratory in H2 ambient
at 410 ◦C for 45 min to check whether the passivation in FG can be improved
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(“H2” was added to the label).
Samples A5N2 and A5Ar were subjected to VUV irradiation (adding also “VUV”
to their label) emitted by a krypton resonance discharge lamp (10.02 eV; see Sect.
2.2.5) for 15 min to maximally activate defects.
Half of sample A3N2 and half of A3Ar were annealed in pure H2 ambient at 450 ◦C
for 1 h to passivate the intrinsic point defects present in the structure as seen in
sect. 2.2.8 (“H2” was added to the sample label).
For ESR measurements the quarter wafers were cut in slices of 2 × 9 mm2. A
typical ESR sample is obtained by stacking ∼12 slices (total area ∼ 2 cm2) in
the case of samples A2, A5, and B, and ∼20 slices (both sides; ∼ 7 cm2) from
sample A3. The parts with the superstructure on were protectively covered, after
which the cutting damage was removed by wet chemical etching (CP4). Dipping in
aqueous HF solution was carried out before each measurement to remove any SiO2
grown on Si when kept in room ambient.
2.3.4 Experimental details: ESR spectroscopy
To assess the paramagnetic point defects present in the samples A2, A3, A5 and
B and their derivates described above, extensive low temperature (4.2 K) ESR
studies were carried out using the K-band spectrometer (highest sensitivity and
stability for low-T measurements), usually driven in the adiabatic absorption mode.
Conventional low-power first derivative-absorption dPµ/dB spectra was obtained
applying Bm ≤ 0.5 G and Pµ ∼ (0.7 - 4) × 10−8 mW, properly adapted to avoid any
noticeable signal distortion. The paramagnetic point defects have been calibrated
against a co-mounted Si:P marker for determination of densities and g values. The
attained absolute and relative accuracies are estimated to be ∼20 % and ∼10 %,
respectively and ∼ 0.00005 for g value determination.
2.3.5 Paramagnetic point defects
K-band ESR spectrometry was used to investigate the eight as-annealed samples
(A2, A3, A5 and B thermally treated in N2 or Ar) at 4.2 K. A representative
spectrum observed at 4.2 K on sample A5N2 is shown in Fig. 2.11. Three types of
point defects are observed in all the as-annealed samples: Pb(0), Pb1 and EX. All
three have been introduced in Chap. 1, and their presence in the superstructure
type samples has been extensively discussed in sections 2.2.6 and 2.2.10. The
inferred defect densities for the samples studied in the current section are compiled
in Table 2.3.
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Figure 2.11: First-derivative K-band spectrum observed at 4.2 K on the as received
A5N2 sample using Bm = 0.5 G and Pµ = 4 × 10−8 nW, where the latter values
are reduced to avoid signal distortion.
The Pb-type centers stem from Si DB’s at different crystalline orientations of
the c-Si/SiO2 interfaces. The (111) and (110) Si/SiO2 interfaces exhibit only
one type of paramagnetic defects each, i.e., Pb and Pb0, respectively. These are
chemically identical with the Pb0 at the (100)Si/SiO2 interface (Si3≡Si•), yet not
entirely structurally. However, in the case of nc-Si particles in SiO2 where the
interfaces are randomly oriented, despite extensive ESR measurements, it has not
been possible to distinguish clearly between the very similar Pb and Pb0 signals;
therefore the notation Pb(0) has been adopted. At the macroscopic (100)Si/SiO2
interface, both Pb0 andPb1 point defects are observed. The Pb1 is assigned to a
distorted defected interfacial Si–Si dimer and the salient parameters make its signal
distinguishable from the other Pb-type signals. Yet, it should be noted that this
defect interpretation accounts for the macroscopic planar interface and in the case
of nanoscopic nc-Si/SiO2 interfaces the situation might be different. Assuming that
macroscopic properties apply, the observed Pb-type defects are an indication that
the nc-Si/SiO2 interfaces are formed in accordance to the model previously inferred
for the Si nanocrystal morphology, that is, a [100] truncated (111) Si octahedron
[232]. As previously outlined, the EX centers, specific to a-SiO2, are modeled as a
positively charged Si vacancy with the unpaired electron delocalized over the four
surrounding O atoms of which two are connected by a bent bond [124]. EX point
defects are observed in all studied samples and seem to be a relic of structural
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reorganization in the sample during high-T annealing.
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Figure 2.12: The ESR densities of Pb-type defects measured on samples A2, A5,
and B, both N2 and Ar annealed ones, before and after subsequent subjection to
a forming gas passivation step, carried out within the perspective to study the
influence the different anneal treatments have on the density of the ESR active
centers.
In Fig. 2.12 the densities of observed Pb-type defects (Pb(0) and Pb1) are plotted
for each N2, Ar, and additionally forming gas annealed sample; their densities
being also listed in Table 2.3. As evident from Table 2.3, we observe for the size
controlled samples (i.e., A2, A3, and A5) in average about 25-50 % less Pb-type
defects for N2 annealing than for Ar, whereas the not size controlled sample B
reveals an about equal DB densities for both annealing atmospheres.
As seen in Fig. 2.12, the beneficial effect of the N2 anneal (compared to Ar) on the
obtained Pb-type Si DB’s is more prominent for smaller size nc-Si. The difference
between Pb(0) and Pb1 density increases with increasing nc-Si size. This might
indicate that N atoms have a preference toward bonding to Pb1 paramagnetic
centers, the main difference from the Pb(0) model being that one of the backbonds
is strained, and larger nc’s are more prone to strain. N atoms are three times
coordinated, representing an adequate intermediate from the stoichiometry point of
view between Si and O, an element in decreasing stress at the c-Si/a-SiO2 interface.
In the case of small nc-Si’s the N atoms do not seem to have the same preference
of bonding to strained centers.
2.3 Pb0 point defects at the origin of PL quenching 71
Dividing the total of the Pb-type defect density at the nc-Si/SiO2 interface (Table
2.3) by the respective number of deposited bi-layers we obtain, e.g., in the case
of N2 annealings, ∼2.3, 1.5, and 1.4 × 1012 cm−2 for samples A5N2, A3N2 and
A2N2, respectively. Assuming [211] a constant number of nc’s per superstructure
bi-layer, we observe a smaller probability of having relaxing interface point defects
for smaller size nc’s. More research is underway to evaluate and understand the
influence of particle dimension on the presence of defects.
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Figure 2.13: Representative K-band ESR spectrum measured at 4.2 K on an
N2-annealed sample (A5N2) subjected to 15 min VUV irradiation. The dotted
curve represents an optimized spectral simulation.
Samples A5N2VUV and A5ArVUV were subjected to VUV irradiation to maximally
activate defects. Subsequent ESR measurements revealed no change in the Pb-type
DB signals indicating no unintended H2 passivation, as expected from the high
degree of purity of the annealing system. Yet, now an increase in the EX density is
observed and the E′δ signal appears, as shown in Fig. 2.13 for sample A5N2VUV.
Both centers pertain to the a-SiO2 matrix.
Figure 2.14 shows a K-band ESR spectrum measured on a N2 annealed sample
subsequently thermally treated in forming gas to passivate the paramagnetic defects.
As indicated in the figure, the Pb(0), Pb1, and EX defects, also observed in the
as-annealed samples (cf. Fig. 2.11), remain present but in much lower densities.
After subtracting through computer simulation of the intense Pb-type and EX
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signals, another small signal becomes apparent in the spectrum in the vicinity of g
= 2.0038 of Gaussian shape with ∆Bpp ∼ 9 G.
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Figure 2.14: A typical ESR spectrum measured at 4.2 K using the K-band
spectrometer on the N2 annealed sample A2N2 subsequently passivated in forming
gas (sample A2N2FG).
An ESR spectrum of the sample annealed in Ar and subsequently in forming gas is
shown in Fig. 2.15. When comparing to Fig. 2.14, it can be seen it is similar to
the spectrum corresponding to the N2 and forming gas annealed superstructures,
including the presence of the weak signal in the g ∼ 2.0038 range. The latter
signal, however, has lower intensity in this case. We assign this signal, present in
both types of samples, to the K center, that is, a defect associated to an unpaired
electron localized on a Si backbonded to three N atoms. The K center might be
close to the nc-Si/SiO2 interface as suggested by Wilkinson et al. [149].
Nitrogen is known not to be inert during high-T annealing of the Si/SiO2 entities
and the factors affecting the nitrogen-reaction kinetics are similar to those affecting
oxidation of silicon in dry oxygen [142]. This is the main reason for which Wilkinson
et al. [149] are placing the incorporated N atoms at the nc-Si/SiO2 interface. The N
atoms in the anneal ambient are considered to infiltrate into the sample and suppress
subsequent diffusion of Si atoms and Si clustering during high temperature thermal
treatment [233] or produce Si nitridation at the nc-Si/SiO2 interface [149]. The K
center density is found to be larger for samples annealed in N2 and subsequently
in forming gas than for the samples annealed initially in Ar and in forming gas
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afterwards (cf. Table 2.3), indicating that the N atoms penetrate into the samples
not only during the N2 treatment, but also during the forming gas anneal.
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Figure 2.15: K-band ESR spectrum measured at 4.2 on the Ar annealed sample
passivated in forming gas (sample A5ArFG).
Forming gas passivation results for all samples in reduced Pb(0) and Pb1 defect
densities, now in the range (1.6 - 6) × 1012 cm−2. However, the defect ratios
remain similar and on average [Pb(0)+Pb1]N2+H2[Pb(0)+Pb1]Ar+H2 ∼ 0.6, i.e., the DB signals in the
N2 annealed and passivated samples are about 2/3 of that of Ar annealed and
passivated ones. Thus, N2 annealing of Si nc’s grown in a-SiO2 matrix is generally
beneficial in terms of interface defects and PL intensity [234].
To investigate whether the forming gas anneal is as effective as pure H2 ambient
in passivating (paramagnetic) point defects, sample A5ArFG was additionally
annealed in H2. This is found to result in a reduction of the Pb and EX center
densities, while [Pb(0)] is passivated to below the ESR detection level (cf. Table
2.3) suggesting that pure H2 would be a better passivating ambient than forming
gas. For this reason samples A3 (A3N2 and A3Ar) have been passivated in pure
H2 instead of forming gas. The K center signal is not observed in those samples.
74 Chapter 2: Inherent paramagnetic defects at nc-Si/SiO2 interface in layered superstructures
2.3.6 Paramagnetic point defects and PL
Physically the same samples investigated here by ESR were also investigated by PL
[234]. The as-annealed samples show intense PL that increases significantly after
forming gas passivation of defects. In order to demonstrate the effect of the H2
treatment, Fig. 2.16 shows the normalized ratio of Pb-type defects before and after
passivation as well as the normalized PL intensity ratio before and after passivation
for three samples (A2, A5 and B). Most notably, this reveals a clear correlation
between the increase of PL intensity and the decrease of Pb(0) defect density, which
appears not to be the case for Pb1 and EX centers. Due to the SiO2-associated
nature of the EX defect it is less expected to affect PL directly. However, the
absence of any obvious corelation between PL and Pb1 defects is noteworthy. The
measurements indicate that the Pb(0) interface defects are mainly responsible for
quenching the nc luminescence while the presence of Pb1 at the same interface
plays a minor role for the PL properties [234].
As assessed by Hiller et al. [234], the passivation also results in a PL redshift
(compared to the unpassivated samples), that can be explained by preferential
emission enhancement from larger nc’s (which are more prone to be affected by PL
quenching defects [235]).
With respect to the PL peak position [234], there is a relevant difference between
N2 and Ar annealed samples when the nc-Si are small (blueshift), but the difference
decreases with increasing nc-Si size. Time resolved PL experiments indicate similar
lifetimes for the small nc’s indifferent of the annealing ambient, which indicates
identical sizes for the Si nc’s attained when annealing the sample in N2 and Ar. This
finding objects to the previous inference suggesting suppression by N of Si diffusion
and thus cluster growth as explanation for the PL blueshift after N2 annealing.
Instead, an alternative explanation is given starting from the electronic structure
of nc-Si in various matrices influenced by different polarities of the nc terminating
groups such as O and N, as modeled [236] by density functional theory (DFT). N
atoms incorporated at the nc-Si/SiO2 interface are changing the polarity of the
surrounding dielectric and thereby the electronic structure of the Si nc’s. Thus for
the small nc size (e.g., 2 nm – sample A2) where, according to DFT calculations
quantum confinement is contributing to the PL, the emission is dominated by the
interface [236], and a significant blueshift is observed for the N2 annealed sample
signal compared to the Ar annealed one. For the larger nc’s, since the emission is
dominated by quantum confinement, the PL position is then less affected by the
annealing ambient.
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Figure 2.16: The normalized ratios of PL intensities and paramagnetic point defects
densities observed on the samples A2, A5 and B annealed in (a) Ar and (b) N2.
The lines guide the eye.
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2.3.7 Conclusions
In conclusion, the superior nc-Si/SiO2 interface quality achieved by N2 annealing
in terms of Pb-type defect densities has been presented, and from comparison with
PL intensity measurements, it is concluded that PL is quenched mainly by Pb(0)
defects; their influence can be minimized if passivated by bonding to H atoms. The
Pb1 and EX centers, also present in the as annealed samples, show no influence on
the sample’s PL behavior.
The observed Pb(0) and Pb1 center densities in nc-Si/SiO2 densities are considerably
larger that of EX centers in all the as-annealed samples. Annealing the samples
in N2 seems more efficient than in Ar regarding the densities of Pb-type centers,
but less effective in the case of EX centers, indicating that N atoms from the
annealing ambient are bonding preferentially at the nc-Si/SiO2 interface. The
N atoms seem to infiltrate into the samples structure during forming gas anneal,
forming K centers which are observed in all forming gas passivated samples, their
density being higher for the N2+FG samples compared to the Ar+FG ones. The N
absorption into the superstructures is cumulative for all the N-containing annealing
ambients for Tan = 500-1100 ◦C.
The Pb-type density per SiO/SiO2 bi-layer is showing a tendency towards more
defects for the superstructure containing bigger nanoparticles (double Pb density
for the 5 nm –sample A5– particles layers compared to the 2 nm case –sample
A2), but further work is needed for a deeper understanding. The N-related centers
are observed in all forming gas passivated samples, larger for the samples initially
annealed in N2 than for those annealed in Ar. Also, for smaller nc’s, over all
Pb-type defects the difference in density is observed in samples annealed in N2 and
Ar but is not observed for smaller nc’s.
The ESR measurements on samples A2, A5, and B after annealing in forming gas
(for defect passivation) show a decrease in Pb(0), Pb1 and EX intensity and a very
small signal attributed to K centers (g ∼ 2.0035 - 2.0038). If present in the as
annealed samples, the K centers are masked by the large signals pertaining to
the interface Pb-type centers. The samples A3N2 and A3Ar passivated in pure
H2 instead of forming gas show no evidence of K centers. The K-center signal
present in samples additionally annealed in forming gas is larger for the samples
where the agglomeration and crystallization of the nc-Si are effectuated in N2
ambient, indicating that during this initial N2 anneal N atoms are infiltrating in
the structure, also resulting in an efficient PL. No such effect is observed when the
superstructure is annealed in Ar.
Pb(0) centers are more efficiently passivated by forming gas (IMTEK) than Pb1
centers suggesting that N atoms prefer bonding to more strained paramagnetic
centers (the center becomes diamagnetic). Defect passivation in forming gas works
best for the A5Ar samples with an overall low Pb-type defect density obtained for
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Ar annealed samples vis-à-vis N samples (weak trend). The situation is different in
the case of pure H2 passivation where the Pb(0) centers are relatively more reduced
than Pb1).
Annealing the samples in pure H2 subsequent to the forming gas anneal additionally
decreases the Pb-type defects (the Pb(0) density falls below detection levels and
[Pb1] decreases ∼ 5 times) and the drastic defect passivation is observed also for
samples A3Ar and A3N2 annealed in H2 gas without a previous forming gas anneal.
This points towards H2 as a more adequate anneal ambient for nc-Si/SiO2 structure
to attain defect passivation.

Chapter 3
Influence of in situ applied
ultrasound during Si+
implantation in SiO2 on
paramagnetic defect
generation
3.1 Introduction
The importance of the nc-Si particles embedded in a-SiO2 for future technologies
has been detailed in Chap. 2 together with the favored fabrication methods
discussed in the literature, the majority being based on high-T annealing of Si-
rich SiO2 obtained by various methods. Within the framework of this research,
combining ESR investigation of point defects with PL measurements demonstrated
the possibility to control the origin of the PL between defects and quantum
confinement in nanocrystalline (nc) -Si/SiO2 entities obtained by the superlattice
approach [207]. This accentuates the need to efficiently suppress point defects at
nc-Si/SiO2 interface for the emitted PL to be of quantum confinement origin, thus
allowing bandgap modulation.
Implanting Si+ ions into a target oxide to increase the Si concentration above
stoichiometric values is a preferred approach [237, 238] because of its easy
integration into mass fabrication procedures (implantation is routinely used for
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Si IC production), and other advantages such as easy masking methods, good
control on the concentration of the implanted ions, as well as on spacial distribution
and ion penetration depth [239]. Also, the possibility to extend elemental cluster
forming compounds using sequential implantation of different ions. One drawback,
however, is the huge number of detrimental dangling bonds (DB’s) introduced by
the passage of the high-energy ions through the oxide: Bonds are being broken and
part of the (displaced) ions left not fully integrated into the network.
Ultrasonic stimulated processes in Si and Ge were discovered long ago, and have
been intensively explored over the last two decades [240, 241]. It is presently used in
defect engineering, to improve the performance and reliability of electronic devices
[241, 242]. As interpreted, mechanical vibrations help atomic systems to reach a
better energetic state by increasing the mobility of interstitials and vacancies [243],
decreasing the activation energy of point defect migration [242, 244] and affecting
the kinetics of point defects [245, 246]. The enhanced mobility of the interstitial
atoms would lead to enhanced annihilation with vacancies, that is, removal of
intrinsic point defects [242]. The increased diffusion has also a beneficial effect on
the nc nucleation and growth [240, 245]. Previous reports show that the effect of
in situ applied ultrasound (US) during implantation of SiO2 with Cu or Ag ions
lowers the precipitation threshold and increases cluster size [196, 247]. It may then
come as a logical extension to study the influence of applying in situ UST during
ion implantation in oxides in an attempt to affect (reduce) defect densities.
In view of the observed structural modification induced by the in-situ applied US
field, and the suggested role of intrinsic point defects in this effect, it would seem
natural to attempt to extend experiments to analysis by electron spin resonance
(ESR), the technique of choice for investigation and identification of point defects
on atomic scale. Accordingly, we report on extensive ESR measurements carried
out in the temperature range T = 4.2-300 K to monitor and unveil, on atomic scale,
the effect of in situ UST during Si+ ion implantation in thermal SiO2. Using ESR,
we effectively employ the unpaired electrons as local atomic “eyes”, sensing their
surrounding. The UST effect is revealed here as impressively affecting (reducing)
defect formation, both regarding defect types and changes in the densities: A main
finding is the drastic reduction of O-vacancy type defects in the SiO2 matrix. A
detailed assessment in terms of the atomic nature of the various types of point
defects involved is included.
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3.2 Experimental details
3.2.1 Sample preparation
Investigated samples were obtained starting from growing 340-nm thick thermal
SiO2 on 500-µm thick B-doped (100)Si wafers in dry oxygen at 1150 ◦C. Various
samples were single-side implanted (into the a-SiO2 side) in one run at 300 K with
90 keV Si+ ions to a dose of 8 × 1016 cm−2, without (reference samples 3K and
4K) or with (2KU) in situ subjection to 9.5 MHz UST for the entire duration of the
implantation as reported elsewhere [196, 248]. For the ESR measurements, slices
of 2 × 9 mm2 main area were cut, where typically four were stacked in an ESR
sample, forming a total implanted area not exceeding 0.72 mm2. After protectively
covering the implanted side, cutting and backside damage was removed through
wet chemical etching (CP4). With the protective cover still on, slices were dipped
in aqueous HF (5 % HF in H2O; 30 s) prior to each ESR measurement.
High-T annealing is used to enhance the mobility of Si atoms and their
agglomeration into Si nc’s embedded in SiO2. For this end, after initial ESR
probing, pristine slices of samples 3K and 2KU were subjected to additional PIA
at 1100 ◦C in N2 for 40 min, resulting in the sets 3Kan and 2KUan, respectively.
See Table 3.1 for an overview of the samples studied.
3.2.2 ESR spectroscopy
As the goal of this investigation is to trace and analyze, both qualitatively and
quantitatively, the influence of in situ UST during the implantation process in
terms of point defects involved, ESR is used as a tool able to provide information
on the true atomic level through probing properties of the unpaired electron orbit
of paramagnetic defects. ESR experiments were carried out in the range 4.2-300 K
using X, K and Q band spectrometers, as outlined in Chap. 1. Conventional cw first
derivative-absorption (dPµ/dB) spectra were measured through applying sinusoidal
modulation (∼100 kHz; amplitude Bm ≤ 0.8 G) of the externally applied magnetic
field −→B , with incident microwave power Pµ ≤ 8 × 10−10 W, i.e., cautiously reduced
to avoid signal distortion.
The implantation process is creating a high density of defects, so the small amount
of the investigated sample surface/volume does not prevent attaining good ESR
sensitivity. However, that situation alters after annealing. The applied thermal
budget results in a drastic decrease in the defect density and, consequently, signal-
to-noise ratio has to be compensated by extensive signal averaging, typically raised
now to ∼100-150 scans. The relative error in defect density determination is limited
(down to 3-9 %) by first computer simulating each ESR signal, including the one
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pertaining to an included reference sample, using known parameters such as line
shape and g values from previously reported spectra. Absolute paramagnetic defect
densities were determined through double numerical integration of the computer
simulations by comparison, usually, of each signal to a co-mounted Si:P marker, or
to a MgO:Mn marker in the case of X-band room temperature measurements.
3.2.3 Sample morphology
After high-T annealing, with and without applied US, similar samples (600 nm
instead of 340 nm thick grown a-SiO2 implanted by 100 keV Si+ ions) as the
ones investigated here, prepared and annealed along the same procedure, were
investigated by cross-sectional HRTEM, PL, and photoelectron spectroscopy (PES)
measurements and the results were reported recently by Romanyuk et al. [248]
. Bright field HRTEM measurements of the annealed samples indicate np-Si
formation with an average size of 1.92 ± 0.7 nm and 1.97 ± 0.7 nm for the ones
without or with UST, respectively, with a sharper particle size distribution for the
later [248], so it seems UST is not influencing the nc-Si average diameter as it does
for Ag particles [196], but stimulates a growth more uniform in size.
Using the SRIM code [249], simulation of the implanted Si+ atom distribution in
the a-SiO2 layer gives a peak implantation depth of ∼134.2 nm (in accordance
with the 130 nm value measured by dark field TEM [248]) with half-height width
of ∼89 nm. Importantly, no implantation damage of the remote substrate-Si/SiO2
interface would have occurred in any of the samples studied here.
From PES measurements Romanyuk et al. [248] observed intermediate oxidation
states in the as implanted samples but not for the UST samples, indicating a
sharper nc-Si/SiO2 interface as a result of the UST application. They attribute a
PL ∼ 1.5 eV line to suboxide states, relating the luminescent emission to defects
at the nc-Si/SiO2 interface (decreasing after UST) and there is no indication of
quantum confinement effects in their report.
The details provided by ESR about the actual location of paramagnetic centers
in the implanted SiO2 matrix, their density, and presence of demagnetization
features, are all valuable in deriving morphological properties. Information about
the nc-Si/SiO2 interface orientations can tentatively be assessed with the help of
ESR active Pb-type interface defects, as discussed later.
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Figure 3.1: Continuous-wave low power first harmonic K-band spectrum taken
on sample 3K at 4.2 K for ϕB = 55 ◦ using Pµ ≈ 8 × 10−10 W and Bm ≈ 0.5 G.
An intense spectrum is observed (solid trace) composed of three types of signals,
marked as S, E′γ , and IS. The signal at gc = 1.99869 stems from a co-mounted Si:P
marker sample. The dashed curve represents an optimized spectral fitting based on
the powder pattern approach and known spectral properties of the resolved signals
(defects).
3.3 Results and analysis
3.3.1 Paramagnetic defects in reference samples
Figure 3.1 shows a typical K-band spectrum observed for ϕB = 55 ◦ (the field angle
of −→B with −→n , the [100] Si substrate normal) on reference sample 3K, revealing
the presence of various types of signals (defects). Apart from the Si:P signal,
three different signals may be distinguished. Starting from the high field side, the
signal closest to the marker, based on its zero crossing g value gc =2.00055 and
specific signal shape, unmistakably originates from the E′γ center [86] (generic
entity O3 ≡Si•); the identification is further supported by the observation of the
434 G associated 29Si hf doublet [39, 133] (not shown here). The inferred density
amounts to [E′γ ] = (2.8 ± 0.1) × 1014 cm−2.
Second, we observe an intense rather narrow symmetric signal of Lorentzian shape
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with peak-to peak width ∆Bpp = 2.3 ± 0.2 G and corresponding density of (2.9 ±
0.2) × 1015 cm−2. Assuming the originating centers to be uniformly distributed over
an 89 nm thick layer as obtained from SRIM calculation, this gives a high volumetric
density NV ≈ 3 × 1020 cm−3. As the ESR study concerns defects residing in an
amorphous SiO2 matrix, one would routinely expect the observation of “isotropic”
or powder pattern line shapes. Yet, angular measurements for changing field angle
ϕB and T-dependent study indicated the gc of this signal (unlike the other signals
observed) to exhibit a specific field anisotropy that asymptotically vanishes towards
high-T. The ϕB-independent, reference value of gc (gref) is obtained (vide infra)
from room temperature (RT) X-band spectrometry as gref = 2.00252 ± 0.00005.
As detailed later, we assign this signal to S centers (SiO2≡Si•) [33, 130, 131],
characteristic for Si-enriched SiO2. In Fig. 3.1, this signal is noticed to be slightly
asymmetric due to a slight g matrix anisotropy, as reported before [35].
Finally, the broad isotropic signal, extending over almost the whole spectrum,
could be accurately simulated using a Gaussian line shape of ∆Bpp = 20.0 ± 0.4
G centered at gc = 2.0026 ± 0.0001, resulting in a density of (4.2 ± 0.4) × 1015
cm−2. No previous report of such signal could be traced in the literature. The
signal is labeled as IS (Implantation induced Signal).
K-band measurements performed on sample 4K gave very similar results as sample
3K. All three types of centers are present in the same ratios (within the experimental
error), indicating that the implantation method is reproducible in terms of induced
paramagnetic defects.
3.3.2 Influence of UST on as-implanted samples
Figure 3.2 shows a K-band spectrum observed at 4.2 K for −→B ⊥ −→n on the 2KU
sample in situ treated by US during Si+ implantation. Only the two signals
corresponding to S and E′γ centers remain visible here. Compared to the 3K
reference sample (Fig. 3.1), a drastic decrease, by ∼60 times, in total number
(signal) of defects is noticed, i.e., from (7.3 ± 0.5) × 1015 cm−2 for 3K to (1.2 ±
0.1) × 1014 cm−2 for 2KU, cf. Figs. 3.1 and 3.2 where the same marker was used
and about equal sample area. The IS signal is seen to drop below the detection
limit.
The evolution of defect density with different treatments enumerated in Tab. 3.1
is pictured in Fig. 3.3 to better expose the UST impact. Left and right parts
correspond to the as-received and annealed samples, respectively. The lines guide
the eye. The in situ UST applied during implantation is thus found to ensue a
drastic effect on the defect densities, in the sense of improving sample quality.
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Figure 3.2: A representative low power first harmonic K-band spectrum measured
on sample 2KU at 4.2 K, for ϕB = 90 ◦. Only S and E′γ centers signals are observed
in this case. The dotted curve represents an optimized spectral fitting.
Table 3.1: Treatments performed on (100)Si/SiO2 structures with the SiO2 layer
implanted by 90 keV Si+ ions (8 × 1016 cm−2; 300 K). The UST was applied in
situ.
UST Anneal
Sample UST frequency temperature time
(MHz) ( ◦C) (min)
3K -a - -
4K - - -
2KU 9.5 - -
3Kan - 1100 40
2KUan 9.5 1100 40
a - means, not applied
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Figure 3.3: Inferred areal densities of the paramagnetic centers resolved in the
as-implanted and annealed samples, both with and without UST application during
implantation. The graph clearly shows the drastic impact of in situ UST in
decreasing defect numbers, an effect maintained also after annealing. Error bars
are within the size of the symbols.
3.3.3 Magnetism of S centers
The kind of magnetic behavior of the S defects was investigated by measuring the
ESR intensity I ∝ χ, as a function of T in the range of 4.2-36 K for −→B ‖ −→n . The
data, shown in Fig. 3.4 for sample 4K as a 1/χ-vs.-T plot, indicate a Currie-Weiss
type behavior, i.e.,
χ = C
T − TC =
µ0NV g
2
cβ
2S(S + 1)
3kB(T − TC) , (3.1)
where µ0 is the free space magnetic permeability, β the Bohr magneton, S the
defect spin, kB the Boltzman constant, TC is the Currie temperature, and C the
Currie constant, proportional to the volumetric spin density NV . Optimized fitting
of Eq. 3.1 gives TC = 0 ± 1 K, pointing to a purely paramagnetic system comprised
of negligibly interacting magnetic moments (defects).
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Figure 3.4: Temperature dependence of the intrinsic ESR intensity I (∝ χ) of the
S signal measured in the sample 4K for ϕB = 0 ◦ (K-band data). The solid line
represents a fit of Eq. (1), from where a Currie temperature TC = 0 ± 1 K is
inferred, pointing to a close Currie type susceptibility behavior.
3.3.4 Demagnetization effects
Commonly, no anisotropic (ϕB dependent) ESR signals are expected from ion-
implanted a-SiO2. However, such anisotropy was observed in the case of the S
signal, yet not for the IS and E′γ signals. The anisotropy could readily be traced
down as originating from demagnetization effects (a sample shape effect) indicating
the signal to stem from a large local density of defects in a planar (thin film)
arrangement, consistent with the inferred large volume density (here > 3 × 1020
cm−3) in combination with the limited Si+ implantation depth. The effect is only
observed on as-implanted samples showing a very intense S-signal –but not after
annealing. Figure 3.5 depicts the dependence of gc on ϕB, (relative accuracy ≈
0.5 ◦) as obtained from K-band (4.2 K) spectra for the three investigated unannealed
samples. For example, in the case of sample 3K, gc(4.2K) is seen to evolve between
2.00170 ± 0.00005 (−→B‖−→n ) and 2.00307 ± 0.00005 (−→B ⊥ −→n ), definitely well beyond
experimental error. A slight decrease of ∆Bpp with increasing ϕB of ≈ 0.4 G was
also observed, that is, from ∆Bpp(ϕB = 0 ◦) ≈ 2.5 G to ∆Bpp(ϕB =90 ◦) ≈ 2.1 G.
Figure 3.6 shows the extreme g values, g‖ and g⊥, as a function of T in the range
4.2 - 36 K for sample 4K, the one exhibiting the most pronounced anisotropy of
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Figure 3.5: Anisotropy of the S center gc value as a function of the magnet
angle ϕB as measured by K-band ESR at 4.2 K on samples 3K(N), 4K() and
2KU(•). The solid lines represent simulations using Eq. (2). The g shift arises
from demagnetization (shape effect) for a system of defects of high local density
residing within a thin layer.
all. It is obvious from this figure that both extremes tend to merge into a singular
value at higher temperatures with attendant vanishing of the g anisotropy. The
angular anisotropy is found to be suppressed in RT X-band spectra: a Lorentzian
isotropic signal is observed with ∆Bpp = 2.2 ± 0.1 G giving for gc the reference
value gref = 2.00252 ± 0.00005 unaffected by demagnetization.
3.3.5 Annealed samples
The effect of PIA (1100 ◦C; N2) has been investigated with the view to trace
any possible correlation of the initial implantation induced point defect damage
with the post anneal result. Figure 3.7 shows (top curve) a K-band spectrum
observed at 4.2 K on sample 3Kan. As expected, compared to the unannealed state
(Fig. 3.1), the ESR spectrum has substantially changed, with all three previous
signals –E′γ , S and IS– being eliminated beyond detection. Computer-assisted
spectral disentanglement now, instead, indicates the presence of (at least) four
types of other defects, albeit with overall much reduced densities. Two pertain to
the Si/SiO2 interface, namely Pb and/or Pb0, and Pb1, in almost equal quantities,
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Figure 3.6: Evolution as a function of T of the extreme gc values of the S signal
obtained at K-band for ϕB = 0 ◦ and ϕB = 90 ◦ on sample 4K. The solid curves
represent optimized fittings based on Eqs. 3.1 and 3.3.
summing to (1.5 ± 0.1) × 1014 cm−2, and indicating that nc-Si particles have been
formed [232] within the a-SiO2 matrix during the post manufacturing anneal. The
observed responses exhibit powder pattern line shapes, and were simulated that
way, using known principal g values, showing no −→B direction anisotropy.
Besides the interface specific signals, an intrinsic a-SiO2 center emerges with density
≈ 2.1 × 1013 cm−2 at gc = 2.00255 ± 0.0002, i.e., the EX defect, as confirmed by
the observation of its characteristic 16.3 G split hyperfine (hf) doublet. A fourth
signal at gc = 2.00300 ± 0.00003, with corresponding density of (4.6 ± 0.8) × 1012
cm−2, is ascribed to C impurities [50, 250, 251] in SiO2, a contaminant probably
introduced during implantation.
By contrast, a much noteworthy observation is that as illustrated in Fig. 3.7
(bottom spectrum), only a faint EX signal remains as sole ESR relic in the US-
treated sample after annealing, 2KUan, about two orders of magnitude smaller
than for the 3Kan reference sample. As the two samples were physically annealed
together in the same step, it points to the in situ UST as the decisive factor of
difference. This, interestingly, reveals the combination of in situ US treatment with
post implantation high-T annealing as a process resulting in virtually the entire
removal (prevention) of paramagnetic point defects beyond the ESR sensitivity
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Figure 3.7: The specific K-band spectra taken at 4.2 K (Bm . 0.6 G; Pµ ≈ 3 ×
10−10 W) on the annealed samples 3Kan and 2KUan (1100 ◦C; 40 min; N2). The
Pb(0) and Pb1 signals indicate nc-Si formation. Only a weak EX signal remains
observable for the UST sample.
limit.
3.4 Interpretation and discussion
3.4.1 As-implanted samples
The K-band ESR spectra measured at 4.2 K on the reference samples 3K (cf. Fig.
3.1) and 4K are similar, so, we will restrict the discussion to 3K data unless specified
otherwise. In the as implanted reference samples three paramagnetic defects are
observed by ESR. The signal closest to the marker, as indicated in Fig. 3.1, is
assigned to the a-SiO2 specific E′γ point defect based on the specific double peak
powder pattern shape and the gc = 2.00055 value [94] of the signal. As discussed
in Chap. 1, the E′γ point defect can be used as an indication of the oxide quality,
the typical value [103] for standard thermally grown SiO2 on Si substrate being
∼3 × 1017 cm−3. The measured density in the case of our reference samples, with
a SiO2 layer of 340 nm thick, is (8.3 ± 0.2) × 1018 cm−3, indicating that indeed
the matrix is degraded by the implantation. For this center, we also measured in
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Q band at ≈ 10K the principal hf doublet arising from central 29Si isotopes [40]
(4.7 % natural abundance; I=1/2). Its splitting of 434 ± 2 G is found to be larger
than the standard value of 420 G reported for bulk silica glasses [40, 100]. This
increased hf splitting has been explained before [133, 102] as a consequence of SiO2
matrix densification, here effected by Si+ ion implantation, resulting in an increase
of the average bond angle between the Si DB direction and the Si back bonds to O
(see Ref. [102] and references therein).
Most prominent in the ESR spectrum is the sharp intense central signal of Lorentzian
line shape. This signal sweeps a spectral region between g‖ ≈ 2.0016 and g⊥ ≈ 2.0031
with varying ϕB (see Fig. 3.5), an unexpected behavior since the as implanted
samples under investigation are amorphous and the interface with the Si substrate
is not reached by the implanted Si+ ions as evident from TEM measurements [248]
and SRIM simulations. It results from demagnetization effects, as detailed before.
On the basis of the inferred gref , obvious SiO2-associated defect candidates include
the EX center, with gc values reported between [124, 125] 2.00247 and 2.0027, and
the S center [33, 34, 130, 131] with [33, 35, 131] g = 2.0027 ± 0.0001 attributed to
[37] the n=1 variant of the SinO3−nSi• (n=1, 2) type centers intermediate [130, 133]
between a-SiO2-specific E′γ defects [38] (O3 ≡Si•) and the Pb center (Si3 ≡Si•),
the archetypal (111)Si/SiO2 interface defect [25, 27, 53] (for more details on the
point defects see Section 1.2). In a preliminary model, the EX center has been
pictured as a hole delocalized over four oxygen atoms formally at the site of a Si
vacancy [124]; in another view, it can also be looked at as an agglomerate of four
oxygen-related hole centers. Although the “morphology” of S and EX signals is
distinct, their gc values are close. So, additional information will be needed, e.g.,
hf splitting, for correct assignment. Generally, the spectra of both types of defects
considered include a 29Si associated hf doublet. In the case of EX centers, a 16.1 G
hf doublet [17] has been reported of which an example can be seen in Fig. 3.7 (top
curve) measured on the annealed sample 3Kan. As to the S center, two (29Si) hf
doublets, of splitting ≈ 162 and 289 G, have been reported where over the various
reports the latter one appears to fluctuate [34, 35, 36, 133] between 230 and 289
G. Yet, no doublet centered at g ≈ 2.0025 could be measured for any of the as
implanted samples. This may be explained by the strong wave function overlap at
high defect concentrations, the signals being exchanged narrowed (see e.g., Refs.
[11] and [252]) leading to the “collapse” of the hf lines into the central signal (vide
infra). This is likely the case here, where the estimated volume density exceeds 3
× 1020 cm−3. So, no additional (29Si) hf structure for this signal could be resolved,
which in addition with the featureless shape makes defect identification difficult.
The excess of Si introduced by implantation makes us incline towards one or a
mixture of the intermediate SinO3−n ≡Si• (n=1, 2) type centers, labeled as X
(n=1) and Y (n=2) centers in some works [34, 132, 253].
The spectrum in Fig. 3.1 is overlapped by an isotropic Gaussian signal of ∆Bpp
= 20 ± 0.4 G, centered at gc = 2.0026 ± 0.0001. The origin of this signal
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remains so far unknown. Being an implantation induced signal, we labeled it IS.
Although the density of IS centers is comparable to that of S centers (cf. Fig.
3.3), no demagnetization effects could be noticed, indicating then a broader depth
distribution over the oxide, i.e., a lower local volumetric density.
For completeness, we mention the inferred defects densities for the other reference
sample, 4K. These are given as [IS] = (3.0 ± 0.1) × 1015 cm−2, [S] = (3.9 ±
0.1) × 1015 cm−2 and [E′γ ] = (2.6 ± 0.1) × 1014 cm−2, i.e., in the same range as
the respective densities for the sample 3K, indicating a reproducible implantation
process in terms of point defects.
3.4.2 Demagnetization
As noticed before, Fig. 3.5 reveals the remarkable observation that for all as-
implanted samples, the gc value of the main ESR signal (cf. Figs. 3.1 and 3.2)
is dependent on ϕB. Yet, as it is attributed to S centers in a-SiO2(x), that is, an
amorphous material, microscopic defect anisotropy like, e.g., due to g anisotropy
will be averaged out orientationally. So, the response –a powder pattern– should
be isotropic. As illustrated by the full curves, the experimental values, varying
between g‖ and g⊥, can be well fitted by:
gc =
√
(g‖ cosϕB)2 + (g⊥ sinϕB)2, (3.2)
describing the g anisotropy for an axial symmetric (interface) defect. This axial
symmetry, though, is only seeming as it is seen to disappear for increasing T (see
Fig. 3.6). Rather, as mentioned before, it stems from an ‘artifact’, i.e., spatial defect
distribution dependent demagnetization –more precisely, due to a macroscopic
(sample) shape effect. Demagnetization effects on physical properties are well known,
such as in relation with ferromagnetic and superconducting matter [254, 255, 256,
257]. Its impact and appearance is set by a combination of applied magnetic
field direction, sample, shape, and magnetization. Anisotropic demagnetization is
characteristic to magnetic samples of irregular shape put in a uniform magnetic
field −→B . The non-uniform surrounding results in an effective (local) field dependent
on the direction of −→B , emerging, e.g., in ESR, as angle dependent gc values.
The main, most direct, hint to the influence of demagnetization comes from the
gc-vs.-T plot (Fig. 3.6), pictured in the current case as arising from a system of
paramagnetic defects densely packed over a thin layer, i.e., a disk-shaped sample
configuration. For such elemental case, for χ(T) << 1, the effect is found to result
in (SI units) [35]:
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gc(T ) =
{
gref [1 + 12χ(T )], for
−→
B ⊥ −→n
gref [1− χ(T )], for−→B ‖ −→n .
(3.3)
Combining Eqs. (1) and (3) (taking TC = 0, as inferred above) results in self
consistent successful fitting (curves in Fig. 3.6) of the T dependence of gc for both
field orientations, from where the values gref = 2.00259 ± 0.00005 and NV = (2.6
± 0.2) × 1020 cm−3 are inferred. While the former value is in accordance with the
direct RT X-band result, the later is consistent with the value (≈ 3 × 1020 cm−3)
obtained from direct ESR defect density measurements and the SRIM width (∼89
nm), demonstrating internal consistency.
At such an elevated unpaired electron concentration, the mutual defect interaction
is no longer negligible. In the case of randomly distributed diluted centers of spin s
= 1/2, when less than 1% of the lattice sites [258] have an unpaired electron, as S
centers here, dipolar interaction causes a (cut off) Lorentzian line shape broadening
of width [259, 260]
∆Bpp(G) = 0.54× 10−19 ×NV (cm−3) (3.4)
where a factor of 2/3 has been incorporated to account for (evidenced) g anisotropy
[259]. Accordingly, the above encountered NV value would entail a dipolar line
width contribution of ≈ 14 G, significantly larger (∼5 times) than that of the
intrinsic S signal (∆Bpp ≈ 2.6 G) previously reported [261] for diluted systems
and clearly unlike the narrow signals (∆Bpp ≈ 2.1-2.5 G) currently observed as
well. Yet, at high local spin densities, exchange interactions narrow the resonance
response towards the apparent width [262, 263] ∆ω = ω2p/ωe, where ωp is the
root-mean-square of the dipolar perturbation and ωe the exchange narrowing,
all in frequency units. If sufficiently rapid the exchange-induced interactions
inhomogenously average out the dipolar field seen by a spin [264] resulting in a
Lorentzian [258] line shape. Movaghar et al. [260] showed that for a density of
∼1020 cm−3 D centers [24] in a-Si the exchange interaction prevails, completely
narrowing down dipolar and hyperfine interactions. Obviously, as we are dealing
with defect densities NV ≈ 2.6 × 1020 cm−3, it is clear that exchange-narrowing may
well account for the observed narrow S signal of Lorentzian shape with collapsed
hf structure.
As can be seen from Fig. 3.5, all three as implanted samples exhibit almost
equal ∆gc values, thus suggesting similar values for NV , although [S] is found to be
drastically lower in sample 2KU. This would indicate the S centers to be distributed
over a thinner layer as a result of the UST compared to the untreated samples.
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3.4.3 Influence of UST
The previous paragraphs have made it clear that, as expected, the densities of
intrinsic paramagnetic defects are very high in the as-implanted reference samples.
It is a general main drawback of the bare implantation technique, otherwise much
versatile to increase the Si density in SiO2. Reduction (elimination) of implantation
damage has been the subject of intense research in various solid state fields, such
as, e.g., semiconductor technologies [242, 244, 246]. In fact, the main objective
of the current research is to evaluate the application of in situ UST as a method
of suppressing implantation damage. Studying the influence of US on the ionic
diffusion process in semiconductors, Krevchik et al. [244] concluded that the
acoustic field disturbs the equilibrium state of the phonon subsystem, resulting in
an energy exchange between nonequilibrium phonons and impurity atoms, thus
decreasing the activation energy for impurity migration. Improved migration was
also found by Franklin and Sengupta [246] based on stimulated Raman scattering
and IR absorption measurements. Also, Ostapenko [242] found that UST applied
to hydrogenated Si-based thin films is beneficial in improving defect recombination
(annihilation) and transport characteristics of implanted species.
In the current work on the analysis of point defect generation, the superb positive
healing effect of in situ UST during Si+ implantation is immediately evident
from comparing Figs. 3.1 and 3.2, showing the ESR spectra measured on samples
without or with UST applied, respectively (same Si:P marker used for both spectra).
Applying UST is seen to result in a ≈ 43× decrease in [S], ≈ 6× decrease in [E′γ ],
while IS is suppressed below the sensitivity limit (cf. Fig. 3.3). While UST appears
not equally efficient for all three types of ESR centers, the effect is impressive,
confirming the drastic impact of nonequilibrium phonons on implanted species
and attendantly generated point defects. In particular, we note the influence on
two of the main types of defects resolved, E′γ and S center, which, as modeled,
both essentially concern O-vacancy type centers: the drastic effect of UST on the
occurrence of these centers, here clearly exposed by ESR to atomic detail, thus
supports previous modeling [243, 244] where, in essence, enhanced mobility of
displaced atoms will result in enhanced elimination of vacancies (Frenkel pairs).
There is one more noteworthy observation: Although the S centers density is
decreased about 43 times as a result of applying UST, the ESR signal still remains
affected by demagnetization, to a much similar extent. The net effect seems that,
as a result of in situ UST, the defects are partially annihilated while the remaining
gather into a thinner layer.
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3.4.4 Influence of annealing
The ESR measurements on sample 3Kan, annealed at 1100 ◦C, show the presence
of signals (Pb(0), Pb1) typical [232] for nc-Si embedded in a-SiO2 matrix. The
powder pattern signals, showing up in the low field part of spectrum in Fig. 3.7
(top curve) pertain to Si DBs of Pb-type defects, the archetypal interface point
defects in thermal Si/SiO2. Here, as in Chap. 2, we should add that, since
Pb and Pb0 basically concern the same Si DB defect (close g matrices and line
width), but pertaining at different interfaces, i.e., (111)Si/SiO2, (100)Si/SiO2 and
(110)Si/SiO2, respectively, their powder patterns are much similar. This makes
undubious distinction difficult, from where the signal is denoted as Pb(0).
As mentioned, Pb-type defects correlate with the Si/SiO2 interface orientation,
leading to field angle dependent signals (anisotropy). The fact then that the signals
are powder patterns indicates that the nc-Si/SiO2 interfaces are randomly oriented,
as it might be expected for the amorphous matrix cannot instigate a common
crystalline orientation for the crystallites grown in it.
Noteworthy is that, despite intensively searched for under various directions of−→
B , there appears within experimental accuracy no evidence of D centers [81], Si
DBs in an a-Si environment. This would indicate that of all Si np’s formed in
the SiO2(x) matrix none, or only a negligible fraction, might have been left in the
amorphous state. So, most, if not all, are crystalline, as in the case of the layered
nc-Si embedded in a-SiO2 prepared by the superstructure approach [265] detailed
in Chap. 2.
Since the number of the embedded Si particles is not known from independent
measurements, no further conclusions on occurring number of interface defects per
Si particle can be drawn. Previous ESR measurements [232] on nc-Si embedded in
SiO2 obtained by high-T annealing (same as here) of SiO/SiO2 superlattices found
a closely one-to-one Pb-type defect-per-Si nc ratio. Assuming a similar nc-Si/SiO2
interface quality in the current case, we can estimate the order of Si nc’s created
at ∼1014 cm−2. Finally, there is the signal ascribed to C impurities observed in
sample 3Kan. This would mean that contamination occurred in the as-grown state
(and the corresponding signal may be masked by the intense S and IS signals) or
introduced during subsequent annealing. But if sample 3Kan would have been
contaminated by high-T annealing, sample 2KUan should exhibit the C signal in a
comparable density as well since the two samples have been annealed physically
together. Yet, as the latter sample shows no C signal but only a weak EX signal
([EX] = (2.3 ± 0.1) × 1011 cm−2), we conclude that this impurification concerns a
side effect of the implantation process.
The influence of in situ UST is stunning when comparing samples 3Kan and 2KUan
as shown in Fig. 3.7 (a) and (b) respectively. For sample 2KUan only a faint EX
signal remains and no Pb-type defects (cf. Fig. 3.7). Considering that the two
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samples were annealed together, it would bear out the application of the in situ
UST during Si+ ion implantation as the only matter of difference. We also note
that combination of UST with post-implantation high-T annealing (1100 ◦C; 1
atm. in N2) almost results in the removal of virtually all ESR-active defects beyond
the detection level. This ESR result is confirmed by the PL-vs-PES correlation
made by Romanyuk et al. [248] on very similar samples. They reason that the
1.5-eV PL line originates from suboxide states at the nc-Si/SiO2 matrix interface
since both PL line intensity and the density of the incompletely oxidized states
decrease after UST. Their conclusion that the interface between nc-Si and a-SiO2
is sharper as a result of UST application is corroborated by the drop in ESR active
Pb-type point defects seen here, indicating a better interface quality indeed. So,
all measurements performed on this type of Si nc’s embedded in a-SiO2 matrix
do agree in unison on the beneficial effect of the US treatment on suppressing
implantation damage.
3.5 Summary and conclusions
A multi frequency ESR study has been carried out on the effect of in situ applied
9.5 MHz US excitation during the implantation of the SiO2 layer of (100)Si/SiO2
entities with 90 keV Si+ ions. The UST, which is applied to promote Si nanoparticle
nucleation and growth, has been found successful in previous work on Cu and Ag
implantation, where the effect was attributed to enhanced diffusion of generated
interstitials as a result of energy exchange with the defect system.
For the as-implanted state, significant densities of three types of paramagnetic
centers are resolved including the well known E′γ , a signal at gref(X-band) ≈ 2.00252
ascribed to S centers (SinO3−n ≡Si•; n = 1, 2), and an unknown signal, denoted IS,
at gc ≈ 2.0026; the latter two, of comparable intensity, are the most intense, about
10× larger than [E′γ ]. As modeled, both E′γ and S centers are O-vacancy type
defects. The high-intensity S signal is observed to show demagnetization effects
(field angle dependent gc shift) characteristic for a disk-like sample shape. It points
to an arrangement of a high local density of paramagnetic species over a thin layer,
not unexpected for ion implantation damage in an insulator; a local density of ≈
3 × 1020 cm−3 is inferred. The signal susceptibility shows a closely Currie-type
behavior, with TC = 0 ± 1 K.
On the basis of the paramagnetic defect criterion, the in situ UST is found to
effectuate a substantial beneficial influence, that is, a drastic reduction in S and E′γ
centers (∼43 and ∼6 times, respectively), with elimination of IS beyond detection:
UST establishes an impressive healing effect, here demonstrated quantitatively, by
in situ furnishing of nonequilibrium MHz phonons. It provides atomic evidence for
previous modeling where, in essence, the US activation would, via the modified
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phonon system, give rise to enhanced mobility of displaced atoms with enhanced
annihilation of vacancies as a result.
As expected, post-implantation high-T (≈1100 ◦C) annealing, intended to from
embedded Si np’s, ensued a substantial defect repairing effect, with elimination
of the three dominant types of defects (E′γ , S and IS) beyond ESR detection.
Instead, 4 other types of signals, albeit in much lower (orders of magnitude) density
emerge, including the Pb-type Si/SiO2 interface centers, EX, and a weak component
ascribed to C impurification. Next, combination of UST with post implantation
annealing is found to result in removal of virtually all ESR active centers (. 2
× 1011 cm−2), with only a faint EX signal remaining. The total point defect
(suboxide states) density drop as a result of UST application is independently
confirmed by PL and PES measurements [248]. The beneficial influence of UST is
thus found retained after additional high-T annealing: combination of in situ UST
with post-implantation high-T annealing emerges as a highly efficient means to
remove/prevent implantation damage in terms of intrinsic point defects.

Chapter 4
Multi-frequency ESR analysis
of the nature of the E′δ defect
in a-SiO2
4.1 Introduction
Driven by its impressive range of favorable and superb physical and chemical
properties, SiO2, in various forms, has been providing over history a virtual
unlimited number of highly functional applications: to name a few, this ranges
from it serving as the basic material for low-loss optical fiber waveguides to serving
for decades as the basic still unprecedented, high quality gate insulator in Si-
based electronic devices where it is incorporated starting from the straightforward
thermally grown Si/SiO2 entity [266]; it has made a-SiO2 probably the most studied
oxide so far.
By their nature, various physical properties are, to some extent, affected by
structural imperfections, such as point defects. In the case of optical fibers, they
may unacceptably impair photonic transport through optical absorption [131], while
in the case of serving as gate insulator in complementary metal-oxide-semiconductor
(MOS) devices, they may behave as detrimental charge traps, thus deteriorating
the performance of MOS devices.
Glass, unlike metals or crystals, has a random organization by nature thus being
less prone to irradiation damage since its structure cannot be altered radically.
High-purity vitreous (v-) silica, and optical fibers made from it, are thus candidates
for use under conditions of strong irradiation, including nuclear and thermonuclear
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reactors. When highly purified, the induced optical loss level in SiO2 is basically
defined by the irradiation induced concentration of intrinsic defects in the glass-
forming SiO2 network [267].
In the recent years, scientists have been trying to merge SiO2 photonics with
Si-based CMOS (complementary metal-oxide-semiconductor) technology in order
to obtain all-Si-based electronics, avoiding thus the trouble of introducing other
materials into the CMOS fabrication processes. Candidates include Si nanocrystals
embedded in a-SiO2 as the precursors of quantum computers, Si-based LED’s (light
emitting diodes) and flash memories. The products of Si technology are being
used on ground, under water and in space, being subjected to the deliberate (e.g.,
light propagation through optical fiber) or environmental irradiation which creates
defects, resulting in device degradation. Silica is also involved in nuclear waste
management where it is heavily attacked by radiation over long periods of time.
A particular class here are comprised of the intrinsic O-vacancy related point
defects in silica, referred to as the family of E′ centers as detected by electron
spin resonance (ESR). This technique has proven to be a most adequate tool for
point defect investigation of SiO2 since 1956, when R. A. Weeks [82] first reported
a paramagnetic center in neutron-bombarded quartz and fused silica, termed E′γ .
By drawing dry a-SiO2 into fibers, defects identical [104] to the ones created by
irradiation are produced, that is, Si-O or preexisting Si-Si bonds can break and
result in E′ center creation [105], i.e., mechanically induced atomic rearrangement
(disruption).
From extensive experimental ESR and theoretical studies, the generic entity [40] of
the E′ class of defects has been identified as the three-fold coordinated Si entity
(O3≡Si•, the dot representing an unpaired electron in a sp3-type orbital) at the
site of an O-vacancy. There are different variants both in crystalline (c- ) quartz
(E′1, E′2, E′4, . . . ) and a-SiO2 (E′α, E′β , E′γ , E′δ, and E′s) with properties reviewed
in several comprehensive works [9, 102, 268]. While several centers are accepted to
be reliably atomically identified, the definite atomic nature of the variant observed
in a-SiO2, E′δ, is still elusive [269].
In tracing atomic identification, a key role is played by resolved ESR hyperfine
(hf) structure, E′δ showing one hf doublet of splitting ∼100 G compared with ∼420
G for the ‘strong’ doublet (hf doublet with largest splitting) of the E′γ center.
No counterpart center has so far been reported in c-quartz nor has the E′δ been
observed in standard thermal oxide. Besides the particular magnitude of measured
hf splitting (hfs), correct atomic modeling hinges on knowledge of the correct
relative intensities of observed hf signals, which unlike the former (E′γ), is still a
subject of dispute [269] for E′δ.
The atomic identity of E′δ is the subject of current work. The E′δ point defects
were concluded to have a detrimental effect on device performance [115, 270], the
defects being observed in buried oxides as well as in bulk silicas. Over the 25 years
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since its discovery by Griscom and Friebele [41], four atomic models have been
proposed, all based on a central unpaired sp3 Si orbital, with direct Si involvement
varying from 2 to 5 Si atoms (vide infra); in shorthand, we will denote these as
Sin (n = 2-5). Yet, a unique model could still not unambiguously be assigned
[269, 271, 253].
In a later report on the subject, based on proper first-derivative absorption ESR
spectroscopy, Buscarino et al. [272] disqualified the Si2 atom model but, limited
by experimental results, could not definitively distinguish within experimental
accuracy between the advanced Si4 and Si5 atomic models.
The scope of the current work is to address the E′δ hf structure in pertinent detail
through a broad multifrequency continuous wave (cw) ESR study carried out at
both low and high temperature (T). In this way, it is intended, on the basis of
providing a meaningful statistical averaged set of data on the relative intensity of
the resolved 29Si hf structure (i.e., equivalent Si sites involved) inferred through
orthodox cw first harmonic ESR absorption spectroscopy, a solid ground for decisive
E′δ atomic modeling. As a major finding, the results point to a 5(4)-Si shell, thus
clearly refuting the Si2 atom dimer model.
Relatedly, within the context of the presumed (singly) positive charge state of the
E′δ when ESR active [115, 118, 116], attention is paid to the positive influence in
E′δ appearance of charge compensator units, revealing a positive correlation with
co-present Al E′ centers. The results are discussed within the current state of
theoretical modeling.
In the next section, we discuss the known salient E′δ properties relevant for the
current study, as obtained majorly from ESR experimenting and theoretical work.
Experimental details are presented in section III, followed by the presentation
of the experimental results and interpretation. After discussion of the results in
section V, conclusions and final remarks are given in section VI.
4.2 ESR work and current theoretical insight
The E′δ defect was first reported by Griscom and Friebele [41] in 1986, when
studying by X-band ESR the influence of different 100 keV x-ray irradiation doses
applied at 77 K as function of isochronal anneals in plasma deposited Cl-rich
synthetic O-deficient (type IV) silicas of low OH content. The E′δ signal was
observed as an almost isotropic, narrow signal of peak-to-peak width ∆Bpp ≈ 0.65
G and a zero crossing value gc ∼ 2.0020 (i.e., principal g values inferred as g1 =
2.0018, g2 = g3 = 2.0021, referring to axial symmetry), with an associated strong hf
doublet split by 100 G where the correlated nature of the hf doublet was concluded
from the similar activation and bleaching behavior as the main central Zeeman line.
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This has undubiously been confirmed in later work [119, 271]. Because the defect
appears to share one principal g value (g1) with the traditional E′-type centers
(E′α, E′γ), it has been adopted as another species of the E′ defect family as the
δ variant. In that work, the intensity of the E′δ associated hf doublet appeared
too small to be measured properly in the unsaturated first harmonic detection
mode. Yet, based on its observed similar saturation behavior as E′γ , considerations
about relative signal intensities were carried out based on comparison of observed
amplitudes of first-derivative spectra of the central Zeeman signals and high-power
second harmonic out-of-phase hf spectra -a not straightforward procedure (see
below). For annealing above ∼200 ◦C, the amplitudes of the 100-G doublets were
found to correlate well with the amplitude of the E′δ central line. The hf splitting
associated with E′δ of ∼100 G is about one fourth of the normal 420 G splitting
of the primary E′γ hf doublet [40], which can be envisioned as resulting from the
E′δ electron being delocalized over several (four) Si atoms. This finding, together
with the nearly isotropic property in addition to the presumed involvement of Cl
impurities in the atomic structure, led to the idea of a delocalized E′-type defect
[41]: the E′δ center was tentatively modeled as a SiO4 vacancy dressed with 3 Cl
atoms, with the unpaired spin delocalized over 4 Si atoms. Thus, its precursor is
seen as a SiO4 vacancy decorated by 4 Cl atoms bonded the 4 Si atoms (Si4:Cl
model), from where a Cl atom has been removed by irradiation.
Besides atomic chlorine, another defect first observed in this work was a triplet
state (electron spin S = 1) bi-radical, with an associated signal observed at half the
resonance field (gc ≈ 4) of the E′δ centers. The appearance in the same materials and
the similar response to annealing and irradiation indicated a correlation between
the occurrence of the S = 1 state and E′δ defects referring to similar precursor
structures at their origin. Accordingly, this S = 1 defect was modeled as an SiO4
vacancy now decorated by only two Cl ions, wherein two unpaired spins are localized
in dangling sp3 orbitals at different Si atoms of the cavity. The signal is removed
[41] by a 10 min anneal at T ≥ 200 ◦C.
From X-band ESR studies of the influence of 60Co γ-irradiation on a variety of
high-purity bulk a-SiO2 samples, both before and after room temperature (RT)
and 500 ◦C treatments in H2, Tohmon et al. [117] concluded that Cl (nor F) is not
a prerequisite for E′δ center formation. Yet, from correlated infrared absorption
measurements, they concluded the necessity of O-deficiency, from where it was
advanced E′δ to be an O-deficient center. So, with no impurity involvement, as
alternative model they suggested an ionized single O-vacancy with the unpaired
electron rather evenly delocalized over the two neighboring Si atoms (Si2; a charged
Si-Si dimer), as pictured in Fig. 4.1(a), for the positive charge state. In the same
scheme, the attendantly observed triplet state (S = 1) defect was assigned to two
neighboring E′γ centers (≡Si• •Si≡) with the two unpaired electrons having the
same spin direction.
In a later extensive ESR study on Si/SiO2 device structures [118], Vanheusden
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Figure 4.1: Ball-and-stick pictures of the models proposed for the E′δ defect: (a)
The Si2 dimer where the unpaired electron spin density is predominantly delocalized
between the two neighboring Si atoms, each backbonded to three oxygens of the
SiO2 matrix; (b) The Si5 tetrahedral Si-cluster model, where the overlapping sphere
suggests electron spin delocalization over the cluster; (c) The Si4 cluster model
with added a 2-dimension schematic. The dotted bow suggests dynamic (weak)
bond formation. As denoted, all three models in the ESR active state represent a
net charge of +1.
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and Stesmans observed E′δ centers in buried Si oxides (BOX) fabricated using the
separation by implantation of oxygen (SIMOX) technique in (100)Si, the virtually
Cl and F-free nature of these SIMOX oxides herewith directly disqualifying these
impurities as key part of the E′δ structure. The center is observed after 60Co
γ-irradiation [273], yet more outspokenly after exposure of the BOX to cathodic
dc glow discharge Ar plasma treatment [118, 274]. Pertinently, as to the later Ar
activation procedure, the E′δ signal drops drastically after 10-min vacuum anneal at
200 ◦C, and could not be observed after reoxidation of the BOX nor, as expected, in
conventional thermally grown oxide, pointing to E′δ defect generation from specific
precursor sites. It was also observed that the highest E′δ density is obtained in the
cathodic Ar bombardment configuration [118], indicative of a positively charged
point defect, a hole trap, in agreement with other work [115, 116]. Moreover, depth
profiling indicated enhanced E′δ generation in regions of enhanced excess of Si, i.e.,
in the box layers (.100 nm) near to the interface with the Si substrate, unlike E′γ
centers which are produced more uniformly over the BOX. The results led to the
proposal of an alternative E′δ microstructure based in the existence of Si clusters,
more precisely, the presumably positively charged Si5 (see Fig. 4.1(b)) model where
the unpaired electron delocalizes over the four Si atoms (perhaps) tetrahedrally
configured around the central Si atom -in different views, basically a SiO4 vacancy
substituted by a single Si atom, or four O-vacancies clustered around a Si atom, or
Si ‘tetrahedron’.
In a related ESR work [275] comparing the generation of E′δ centers in BOX
by different methods, it was found that while energetic photons (x, γ) and ion
bombardment activate the usual E′δ center of axial (albeit weak) symmetry of gc ≈
2.0019, hole injection combined with VUV excitation results in the generation of a
(highly) isotropic type of gc ≈ 2.0021, termed E′δ2. It indicated the E′δ generation
to be damage-agent specific. The E′δ signal is also observed to bleach over time in
room ambient (over ∼one day after hole injection; ∼weeks after dc glow discharge).
The E′δ center was also observed [33] in ∼66-nm thick thermal grown a-SiO2 on
(100)p-Si (1000 ◦C; 1 atm dry O2), reaching a maximum density of ∼3 × 1011
cm−2, when annealed in oxygen-free ambient at 1130 ◦C. The center is observed
together with E′γ , EX, and S centers generated as a result of oxide degradation
effectuated by Si/SiO2-interface initiated volatile SiO formation [276, 277].
Zvanut et al. [278] observed E′δ center formation in x or 60Co γ-irradiated BOX
prepared either by thermally growing a thin oxide layer on Si and subsequent
overlaying by polycrystalline Si followed by an annealing step, or in SIMOX,
drawing the attention that the oxide fabrication technique is not influencing on
its own the defect generation but rather the burying (O-deficient) aspect. As
interpreted, out-diffusion of oxygen from the silica [279, 280] layer as volatile SiO
molecules [278] created by the reaction of SiO2 with Si (from the coating layer)
during the high temperature anneal, is creating an O-deficient zone housing the E′δ
precursors. In fact, it resembles much the effect of the high-T annealing in O-free
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ambient, referred to above.
In a later report, M. E. Zvanut et al. [281] observe that the defect density remains
unchanged whether the samples are annealed in dry N2 or O2, and conclude that
the removal of hydrogen, not oxygen, from the anneal ambient is essential for defect
formation, but ambient moisture does not affect the annealing kinetics of E′δ. This
can be correlated with previous reports in which the H was concluded to break Si-Si
bonds [117]: while irradiating the sample, the H was stripped from the structure
and E′-type defects were created.
In ESR-based point defect identification, spectral hf structure plays a crucial role,
to such extent that no defect can be considered reliably atomically modeled if
not supported by insightfully assigned spectral hf properties, underlaid by theory.
This includes hf spectral structure, hf splitting and, not the least, the relative
ratio of respective signals, the latter reflecting the distribution of the unpaired
electron wave function (spin density) over the defect’s constituent atoms -not always
paid sufficient attention to if limited ESR sensitivity. The ratio Rhf (η, n) of the
intensity of a hf multiplet (Ihf ) to that of the central main (Zeeman) signal (Ic) is
a function of η, the natural abundance of the hf-originating nuclear isotope, and
n, the number of such atoms in a shell of equivalent atom sites the unpaired spin
is interacting with. With η known, n provides a basic clue to convincing atomic
modeling. Invariably, the correct orthodox way to determine signal intensities
(area under the absorption curve ∝ χ”) is from non-saturation conventional first
harmonic ESR spectroscopy. But when in lack of sensitivity or overwhelmed by
hard-to-disentangle overlapping signals, it is tempting to turn [41] to the high-
power second harmonic phase-quadrature detection mode (saturation spectroscopy),
which has been shown empirically to be generally a much more sensitive means
to resolve hf structure for point defects in silica and oxides [14, 15, 102], among
others, due to the high saturability of such defects. Under appropriate experimental
conditions for a certain defect, the second harmonic saturation spectra appear
identical to the direct absorption shapes (χ”), as evidenced empirically [14, 15].
So, in principle, besides revealing spectral composition, the former spectroscopy
may be conventionally used for signal lineshape analysis. However, the intensity of
second harmonic spectra depends in a complex manner on the relaxation times
of the defects as well as on various experimental parameters such as modulation
frequency and amplitude, and applied microwave frequency and power, befogging
quantitative analysis. Some means of independent calibration is required.
Using X-band ESR, Zhang and Leisure [119] addressed the hf structure of E′δ centers
generated by x-ray irradiation in high purity silicas synthesized by chemical vapor
deposition (CVD) which allows impurity and moisture control. They observed
E′δ signals as well as an interconversion between E′γ and E′β depending on anneal
treatment. As a major result, these authors were first to determine Rhf for E′δ
giving Rhf = 0.175-0.191, from where the value n=4 was extracted. While rejecting
the Si2 atom model, this led to the proposal of the revised model for E′δ as being a
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[SiO4]+ vacancy (Si4 model; two strained nearby O-vacancy centers), i.e., essentially
the initial Griscom and Friebele [41] model with no Cl (impurity) involvement,
as depicted in Fig. 4.1(c). Pertinently, one more difference to be noted is the
difference in net charge state, that is, 0 and +1 for the initial and revised model,
respectively. Based on the n = 4 result, also the Si5 model was deemed untenable,
adding that it is highly unlikely that such clusters would be present in the studied
fused silica.
There is a similarity between the E′δ model proposed by Zhang and Leisure [119]
and that of the EX center proposed by Stesmans and Scheerlinck [124], both
starting from the existence of the OH-decorated SiO4 vacancy in α-quartz [282].
While the E′δ defect is centered on a SiO4 vacancy where the unpaired electron is
delocalized over the surrounding 4 Si atoms, the EX is centered on a Si vacancy.
The delocalized unpaired electron in the EX model shows hf interaction with a
shell of 4 (inequivalent) O atoms and a superfine interaction with a Si4 shell.
The three models, Si2, Si4, and Si5, thus far proposed for E′δ have been evaluated
by Karna et al. [121] using first-principles quantum mechanical calculations
concluding that the E′δ center is a symmetric variant of E′γ , i.e., symmetrically
relaxed O monovacancy, also referred to as the Si dimer configuration (Si2) of the
positively charged O vacancy in SiO2. In α-quartz, it is known as the short Si-Si
distance (∼2.7 A˚) variant [283, 284] of E′1 in near-perfect crystal (NPC) equilibrium
symmetry [283]. Its properties have been addressed in various theoretical works
[120, 121, 269, 283, 285, 286]. The E′δ hf structure consists of a single doublet
of which, as turns out, the splitting is physically determined by the isotropic
Fermi-contact part (within experimental accuracy, no anisotropic contribution
could be sofar been isolated from simulations of the observed powder patterns)
generally given as aiso = 23µ0gNβNgeβ|Ψs(0)|2, where gN and ge are the nuclear
and electron g factors, βN and β are the nuclear and Bohr magneton, and µ0
the vacuum permeability; |Ψs(0)|2 is the unpaired spin density (s part) at the
interacting nuclei, here ascribed to 29Si isotopes (nuclear spin I = 12 ; η = 4.67 %).
Spin density calculations [120] indicate that the unpaired electron is not delocalized
over the entire cluster but preferentially on a single Si atom in case of the “Si5”
model or on (between) a single pair of Si atoms for the other two cases, reducing the
s-orbital contribution on the Si nuclei. The symmetry reduction of the electronic
wavefunction when considering the Si4 and Si5 tetrahedral clusters was attributed
to a dynamic Jahn-Teller effect. Molecular calculations [285] show that the main
difference between positively charged E′δ and E′γ point defects is reflected in the
distance between the two constituent Si atoms: if the Si-Si distance is small enough
the two potential wells combine into a single one and an E′δ center is obtained.
The E′δ defect has initially been associated with the Si2 dimer on the basis of the
calculated hf splitting of 100 to 135 G [120, 287]. It has since been supported by
various theoretical works [269, 286]. The E′δ has been described as a metastable
non-puckered form of the E′γ , the later one being perhaps a few tenth of meV more
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stable. But as to a-SiO2, this is still in dispute [93, 288]. Other theoretical work
[289] has concluded that the positively charged Si dimer is the stable configuration
for ∼80% of the O vacancy sites. Later work [290] addressing spectroscopic aspects
of E′δ has calculated the principal g matrix values (g1 = 2.0018, g2 = 2.0034, g3
= 2.0043), which are found in good agreement with initial experimental results
[41] (g1 = 2.0018, g2 = g3 = 2.0021). The optical absorption energy for E′δ was
calculated as 6.33 eV, to be compared with the known value of 5.8 eV for E′γ .
In recent theoretical work [269], Tuttle and Pantelides studied Si clusters in a-SiO2
described as arising from vacancy clusters n(VO), with n in the range 1-7: (a)
Based on the calculation of the formation energy per Si-Si bond, it is found than
the Si5 cluster (4 O-vacancy cluster) is the most stable, significantly (∼0.23 eV per
Si-Si) more favorable to form that the Si2 dimer. Yet, while theory would thus
favor VO clustering, it was considered not to become necessarily expressed that
way in practice due to silica growth conditions. (b) Comparable isotropic hfs values
are found, given as ∼100 G for Si2, with a somewhat broader range of 80-120 G for
the Si5 model. (c) Based on additional considerations about g value anisotropy, it
is concluded that the Si2 defect is the favored candidate for E′δ, herewith declining
the yet solid experimental counter result on equivalent Si sites participating in aiso
provided by Buscarino et al. [271] (see below).
Buscarino et al.[271] were first to detect the E′δ hf structure in the first-harmonic
ESR detection mode using RT X-band spectrometry. The maximum E′δ density
of ≈2 × 1016 cm−3 was reported for an a-SiO2 type-I sample Pursil 453, 60Co
γ-irradiated at RT to a dose of 1000 kGy, subsequently annealed isochronally (∼25
min) up to 580 K. Saturation in E′δ production is observed for doses above ∼5000
kGy, while E′δ is observed to increase for Tan increasing in the range 520-580 K and
to decrease for higher Tan [271, 291]. The inferred value Rhf = 0.16 was concluded
to be compatible with Si4 and Si5 configurations, while the O monovacancy dimer
model was ruled out. Yet, their observations appear hampered by co-existing
numerous other interfering signals from centers such as E′γ , E′α, [AlO4]0, and
E′74 ascribed to O2H≡Si• variant [15, 128, 129, 292] of E′γ (showing a 74-G split
doublet) which may urge more experimental substantiation. Following the defect
density dependence on Tan, above 500 K a hole transfer from the [AlO4]0 centers
to the precursors of E′γ and E′δ centers can occur. The E′γ and E′δ centers show
similar relaxation properties evidenced by the similar saturation behavior of their
main hf doublets [293]. It is also suggested that both E′γ and E′δ centers can be
used to characterize the O deficiency of the SiO2.
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4.3 Experimental details
4.3.1 Sample preparation
The samples investigated are all commercial low OH content fused quartzes: PH
370 [294], KI [295], Infrasil 301 [296], KUVI [295], Suprasil 300 [296], Suprasil 311
[296]. We succeeded to activate E′δ signals only in the first three glasses, while, in
the other, it was difficult to activate any defect at all. According to the supplier,
the sample KI has total metallic impurity content (including Al) < 15 ppm and
OH content ≤ 0.2 ppm; the KUVI one is specified as metallic impurities content ≤
0.1 ppm, [OH] ≤ 0.1 ppm and [Cl] ≤ 0.2 ppm. Sample PH 370 is a low alkaline
content fused quartz that came from the manufacturer in the shape of tubes of
∼10 mm diameter and ∼7 mm thick walls, the other three glasses were 2-4 mm
thick plates. Suprasil samples contain ∼1 ppm OH, ≤ 0.01 of Na and < 0.01 ppm
of Al. Since the sample volume that can be introduced into the ESR cavity is
limited, the glasses were cut into thin slices of size ∼0.1 × 2 × 10 mm3 used for
VUV treatments and bars of ∼2 × 2 × 10 mm3 used for UV and γ-irradiation.
After cutting and before any other treatment the silica pieces have been etched in
aqueous HF (5 % HF in H2O by volume) to remove cutting damage. In some case,
the etching was also used to thin down slices to desired thickness. To ESR activate
defects, different samples have been subjected to three types of irradiations: room
ambient vacuum ultraviolet (VUV) (10-eV photons, flux ∼1015 cm−2s−1) and UV
(1.2-6.8 eV range) irradiation was applied using MgF2-windowed Kr discharge
lamp and 150-W Xe arc lamp, respectively. As the penetration depth of VUV
photons in a-SiO2 is ∼10 nm [297, 298], the effective sample area is enhanced by
stacking thin slices irradiated both sides. The 60Co γ-irradiation was performed
at 30 ± 5 ◦C in dry air at a rate of 40 kGy/h to doses between 20 and 1200 kGy,
most samples being irradiated up to 20, 80, 200, 500 kGy, labeled as R1, R2, R3,
and R4, respectively. All irradiations were performed in room ambient at RT.
Before γ-irradiation part of the KI, KUVI and Infrasil 301 samples were annealed
in vacuum (< 4 × 10−6 Torr) at 1175 ◦C for ∼170 min, with the aim to desorb
hydrogen (OH groups) from the oxide. Some of the irradiated samples have been
selectively treated at desired temperatures in the range 50-346 ◦C, either in room
ambient or Ar, typically for ∼8 min.
4.3.2 ESR spectroscopy
ESR spectra were taken at three different microwave frequencies, i.e., X- (∼9.0
GHz), K- (∼20.5 GHz) and Q-band (∼34.0 GHz), operated in the T range 4.2-
300 K using a Q-band commercial Bruker EMX and locally constructed K-band
spectrometer, the latter providing the best sensitivity at low T. Depending on
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the observational T, X-band observations were made either using a Jeol JES-
FA 100 spectrometer (RT investigations) or a locally designed one optimized
for low T (liquid He) measurements. All four spectrometers were driven in the
adiabatic mode. Routinely, conventional cw low-power first derivative-absorption
(dPµ/dB) spectra were detected through applying sinusoidal modulation (∼100
kHz; amplitude Bm ≥ 0.08 G) of the externally applied static field −→B , and
were complemented with saturation spectroscopy –high-power second harmonic
dispersion mode– measurements (see e.g., Ref. [14]) to disentangle overlapping
signals and probe signal lineshape.
While generally beneficial for signal sensitivity (Boltzmann factor, noise level,
etc.), low-T measurements often suffer from enhanced signal saturation (distortion)
effects with decreasing entropy, which requests appropriate reduction of the incident
microwave power Pµ, at times beyond spectrometer capabilities. This appeared a
burden for the Q-band spectrometer where, for signals such as E′δ, E′α, and E′γ ,
the operational Pµ could not be sufficiently reduced to take the signal intensity
dependence on Pµ down to the linear range, not even at RT (although it may
approach close enough not to induce signal shape distortion, but only intensity
reduction), so extreme caution is needed with extracted absolute E′ densities from
those measurements.
Since most of the observed (central) signals are powder patterns, their width is
changing with the microwave frequency used, so the value of Bm was adapted for
each individual case to such levels causing no visible signal distortion. For the
broader hf structure signals, we used larger Bm values of ≈1 G. The signal-to-
noise ratio was improved by appropriate signal averaging, depending on the signal
strength, even up to 10000 scans for a single spectrum of the hf structure.
Defect densities were determined through double numerical integration of the
detected dPµ/dB signals using a co-mounted point-like reference. Depending on
spectral composition and/or ESR parameter aimed to isolate, this was a Si:P
marker [18] (S = 1/2, g = 1.99869 ± 0.00002 at 4.2 K), a Li:F marker [19] (S =
1/2, g = 2.00229 ± 0.00002), or DPPH [20, 21] (S=1/2, g = 2.00357 ± 0.00005 at
RT), all three also serving as g-markers (attained accuracy ±5 × 10−5). Proper
corrections for the actual relative positions of the sample studied and co-mounted
marker in the cavity were taken into account to infer correct absolute intensities of
detected signals.
Two simulation codes were used for ESR spectra analysis: Bruker Simfonia (based
on perturbation theory, with manual parameter optimization) for E′-type centers,
and a code based on exact matrix diagonallization (EPR-NMR; courtesy of J. A.
Weil) for Al E′ centers.
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4.4 Results and interpretation
Here we expand the standard cw adsorption ESR research on the E′δ signal in silica
to multi-frequency observations at different temperatures to supply an extended
and detailed set of data on the E′δ center, in particular its hf structure. The a-SiO2
samples have been subjected to different treatments in an attempt to maximize the
intensity of E′δ defects, both in absolute values and also relative to the co-present
other signals.
4.4.1 E ′-type defects
As to VUV irradiation, E′δ defects could be generated only in three of the studied
silica glasses: PH 370, Infrasil 301, and KI, henceforth referred to as the E′δ-glasses.
In fact we did not manage to activate E′δ centers in KUVI samples with any of the
performed treatments (not even after VUV or γ-irradiation combined with post
irradiation thermal treatments), unlike previous reports by Buscarino et al. [293]:
better results for KUVI than for KI glasses. This dissonance may simply have
arisen from inadvertent exchange in sample labeling, but otherwise immaterial for
the current study.
Shown in Fig. 4.2 is a typical RT Q-band spectrum of the near g ∼ 2 region
measured on Infrasil 301 thin slices subjected to VUV irradiation of both sides for
14 h. The spectrum represents a superposition of three signals arising from point
defects all intrinsic to a-SiO2: E′α, E′γ , and the defect of interest, E′δ, all being part
of the E′ defect family. Common for all defects of this group is a principal g-value
≈2.0018 and the fact they all appear associated with O-vacancy in a-SiO2.
The favored model, underlayed by theory, pictures E′1 as a positively charged (1+)
asymmetrically relaxed O3 ≡Si• . . .+Si≡O3 unit [96, 97, 98, 299] at the site of an
O-vacancy, that is, composed of an sp3 hybridized Si dangling bond (≡Si•), and
a positively charged Si back-puckered through its basal oxygen plane towards a
lattice O atom that effectively takes 3-fold coordination [90, 91, 92, 93]. Based on
observed ESR parameters, the E′γ center is considered the closest analogue to the
basic E′1 center in α-quartz, although the complete model is still under dispute [95].
But while related to the same generic entity, the overall defect models in α-quartz
and a-SiO2 need not necessarily be the same. In fact, in thermally grown a-SiO2
on Si, strong evidence has been provided [99, 300] for the E′γ simply to concern
the neutral O3 ≡Si• unit, i.e., the generic entity of the E′ group of defects.
An 29Si hf structure of the E′γ center in γ-irradiated a-SiO2 was observed first
by Griscom et al. [40] revealing a doublet with splitting of aiso = 420 ± 3 G (in
unstrained SiO2), close to the value aiso = 410 G reported [86] for E′1 indicating a
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Figure 4.2: Q-band low power first harmonic spectrum (central Zeeman part; full
curve) of the E′ centers measured at RT on Infrasil 301 VUV irradiated for 14 h
each side, using Pµ = 1.6 × 10−7 W and Bm = 0.4 G. The superimposed continuous
curve represents the optimized fitting result obtained as a weighed sum of the three
constituent signals of which the Gaussian powder patterns fittings, E′δ (dot dashed
curve), E′α (dotted curve), and E′γ (dashed curve), using the parameters listed in
Table 4.1 are also shown.
resemblance E′γ to the E′1 defect in α-quartz [88]. They also report an anisotropic
[40] contribution aaniso ≈ 22 G to the hf coupling constant.
Griscom [100] first observed the E′α signal in high-purity a-SiO2 x-ray irradiated
at 77K, showing g1 = 2.0017, g2 = 2.0013 and g3 = 1.9998 and an associated 29Si
hf doublet of 420 G splitting, the same as for E′γ . The asymmetry of the g matrix
was supposed to arise from a Si dangling bond that has in a second neighborhood
position an oxygen in a peroxy-like linkage, an atom that is displaced from its
normal position as a result of irradiation. However, a recent report [107] revealed
that the strong hf structure corresponding to E′α is in fact a 490-G split doublet
–not 420 G– with a g matrix similar as reported here (see Table 4.1); the successful
discrimination compared to initial reports [100, 41] may have arisen from different
defect activation treatments. The latest model [107] pictures E′α as a hole trapped
at an O-vacancy with the unpaired sp3 Si orbital pointing away from the vacancy
in a back-projected configuration and interacting with one more oxygen atom of
the a-SiO2 matrix [107, 108, 109].
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Table 4.1: Inferred Q-band ESR parameters, using Gaussian convolution lineshapes
of width ∆Bppi along the respective gi axes, from the optimized spectral simulations
of the E′-type centers encountered in all three E′δ glasses, either VUV or 60Co
γ-irradiated. A mild annealing step (320-350 ◦C) was applied to the samples
γ-irradiated to maximally activate the E′δ defect signal. The two different kinds of
irradiations seem to introduce only slight variations in the simulation parameters.
Defect g1 g2 g3 ∆Bpp1 ∆Bpp2 ∆Bpp3 irradiation
(G) (G) (G) applied
E′α 2.0017 2.0012 1.9996 1.2 2 2.2 VUV
2.0018 2.0009 1.9997 0.6 1.8 2.1 γ
E′γ 2.0017 2.0005 2.0003 1.8 2.7 1.8 VUV
2.0018 2.0005 2.0003 0.57 1.37 1.1 γ
E′δ 2.0018 2.0020 2.0020 0.9 1.4 1.25 VUV
2.0019 2.0020 2.0020 3 0.6 0.8 γ
As can be seen from, e.g., Fig. 4.2, showing a Q-band spectrum (near g = 2 range)
observed on Infrasil 301 subjected to VUV irradiation (14 h both sides), the overlap
of the E′α, E′δ and E′γ signals makes disentanglement tedious, with consequent
impact on the precision attained of the ESR parameters inferred through spectra
simulation using the Simfonia software. Simulations of the central part of the
observed E′ defect spectra has been carried out for all three types of silica in which
the E′δ defect could be activated, and for both VUV and γ-irradiation treatments,
using Gaussian convolution lineshapes. The inferred principal axes g values and
applied Gaussian broadenings are listed in Table 4.1, where, consistently, the fitting
parameters obtained per kind of defect and irradiation treatment are found to
be equal within experimental error. As illustrated in Fig. 4.2, the experimental
spectra could be accurately simulated, from where the defect densities listed in
Table 4.2 are obtained. As to the PH 370 glass provided in the shape of tubes,
there was no difference in of E′δ defect appearances between inner and the outer
surface subjected to VUV irradiation.
4.4.2 E ′δ optimization
The correct measurement of the E′δ hf structure intensity using the mandatory first
harmonic detection mode requires, for sensitivity reasons, utmost optimization of
the E′δ defect density. For this end, in a comparative manner, different irradiation
treatments in combination with thermal steps have been explored.
The influence of VUV irradiation time on the induced E′δ defect density was
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Figure 4.3: The evolution of E′δ defect production as function of the total VUV
irradiation time in Infrasil 301 glass. The curve is meant to guide the eye.
monitored for the three E′δ glasses by Q-band measurements taken within maximum
a few days after each irradiation step; Figure 4.3 shows the evolution for the Infrasil
301 sample. Left in room ambient, the E′δ signals nor those of other E′ centers
was found not to change appreciably over months after irradiation. The E′δ density
in VUV irradiated samples could be somewhat improved by thermal treatment,
yet not significantly.
Figure 4.4 shows some representative 200 G wide Q-band spectra (i.e., excluding
the E′γ and E′α strong hf range) observed after extensive VUV irradiation for on the
PH370 (t ∼201 h; bottom curve) and on KI (t ∼77 h; middle curve) glasses. As it
offers generally a much enhanced signal-to-noise ratio in the case of highly saturable
(low defect density) signals, the second harmonic saturation detection method is
used here to optimally trace and reveal occurring hf structure signals. In the ∼100
G-splitting range, two main doublets, of 74 and 120 G splitting are observed, badly
overwhelming the aimed for E′δ hf structure of interest. The spectra here were
normalized to the amplitude of the E′γ (absorption like) signal for each sample.
The 74 G doublet centered at g ≈ 2.0016, stems from the E′74 defect [15, 128] is
evidencing the silica to contain OH groups [129]. A doublet of ≈119 G splitting,
associated with a defect of axial [126] g symmetry (g‖ = 1.999 ± 0.001, g⊥ =
1.992 ± 0.001), was modeled as an irradiation-induced impurity-related defect
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Figure 4.4: Comparison of representative high power second harmonic Q-band
ESR spectra measured at RT using Pµ = 1.6 mW and Bm = 0.5-1 G on two types
of silica samples subjected to γ (and subsequent anneal at 336 ◦C 8 min; air)
and VUV irradiation. The spectra are enlarged to expose the hf structure in the
neighborhood of the central E′ main signals (blown up off scale in the center of
the spectrum). The 120 G doublet, ascribed to a O2H≡Ge• defect, is quite intense
in the VUV-irradiated samples spectra, while it appears relatively much reduced
in the γ-irradiated sample. The 100 G-split EE′δ hf doublet is clearly prominent
only in the γ-irradiated sample spectrum. The 74 G-split doublet stems from the
E′74 (O2H≡Si•) defect.
which involves an electron trapped at a H-compensated Ge impurity in a-SiO2
(O2H≡Ge•). The signals of the 120 G doublet observed here as activated by
VUV, measured in the unsaturated first harmonic mode (not shown), show similar
asymmetric shapes as reported by Vitko [126], yet there is no indication of Ge in
the suppliers’s specifications of glass composition.
For the current purpose, the observations as illustrated in Fig. 4.4 immediately
bear out the inadequacy of the VUV treatment for these kind of glasses, a situation
which cannot be cured, not even by extended VUV irradiation times. Reliable
extraction of the E′δ-associated 100-G hf doublet appears virtually impossible, a
situation even far worse for the first-harmonic detection mode method. So, VUV
irradiation is concluded inadequate.
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Also attempted was subjecting the E′δ-glasses to UV irradiation, which is supposed
to partially bleach the 74 G doublet [129]. While much deeper penetrating into
the sample, unfortunately, UV treatment was found to activate only E′γ and E′α
defects, in line with previous results [129, 301, 302]. We found no trace of E′δ thus
outright disqualifying UV irradiation for the intended purpose.
Separate samples of the three glasses that showed E′δ signals after VUV treatment,
were γ-irradiated with doses of 20, 80, 200 and 500 kGy: indeed, again an E′δ
signal was found to be generated in all three, albeit small in comparison to E′γ
and E′α. Noteworthy, in the other glasses, γ-irradiated only to the highest doses,
still no E′δ signal could be observed. Thus only the three types of the investigated
glasses appear prone to the E′δ generation and by both VUV and 60Co γ-irradiation.
From the four applied γ-doses, the 200 kGy one seems to be the best in terms of
E′δ intensity relative to the E′γ and E′α signals and overall spectral appearance,
although 80 and 500 kGy give satisfactory results as well. In an attempt to reduce
the H-related 74 G doublet, also observed after γ-irradiation, some samples were
vacuum annealed (1175 ◦C) before γ-irradiation, yet without ensuing any noticeable
difference. In line with previous work [271], applying thermal treatment after γ-
irradiation increases the absolute E′δ-density drastically (orders of magnitude), as
well as increasing its density relative to those of the (invariably) co-present E′γ and
E′α defects. The former is demonstrated in Fig. 4.5 by isochronal annealing (8
min) results of the absolute E′δ defect density in γ-irradiated (200 kGy) KI silica as
function of Tan, indicating that an optimum is reached for Tan ≈ 326 ◦C, similar to
previous results [271]. This establishes the current optimum E′δ generation method.
In Fig. 4.4 is shown a Q-band second harmonic saturation spectrum (top curve)
observed on a γ-irradiated (200 kGy) KI sample subsequently annealed at ∼336
◦C, where now the 100-G E′δ hf doublet is clearly and intensely revealed, much
enhanced (compared to the UV and VUV data) relative to co-present 74-G and 120-
G doublets. Pertinently, the applied thermal step also eliminates at ones the S = 1
triplet state spectrum [41]. It opens the route for correct E′δ hf structure analysis,
i.e., signal disentanglement and correct intensity determination. In terms of the
exposed 100-G doublet intensity, and hence overall E′δ defect density, comparison
of this spectrum in Fig. 4.4 with the middle one, observed on the sample KI
material but subjected to VUV irradiation, immediately bears out the impressive
superiority of γ-irradiation plus annealing in E′δ generation. Here again we should
stress the (drastic) influence of post-irradiation annealing, to such extend that in
the as γ-irradiated state, the observed E′δ signal intensities did not much exceed
the VUV results.
Over all E′δ-glasses, we also monitored the strong hf structure splitting of E′γ and
E′α defects, reported to be aiso ≈420 G [14, 40, 303], aaniso ≈ 20 G [40] and aiso
≈ 490 G [107] respectively. Optimized fitting (EPR-NMR software [304]) of the
E′γ and E′α hf signals (powder patterns) using Gaussian convoluting lineshapes
(width ∆Bpp = 26.5 and 45 G, respectively) gives the average hf matrix values
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Figure 4.5: Variation of the E′δ density for the 200 kGy γ-irradiated KI sample
as a function of sequential 8-min isochronal annealing. The maximum density
is obtained for ≈326 ◦C. Densities were determined from first harmonic Q-band
spectra taken at RT. The curve guides the eye.
aiso = 424 ± 4 G, aaniso = 20 ± 3 G and aiso = 455 ± 4 G, aaniso = 20 ± 3 G for
the E′γ and E′α defect, respectively. The substantial difference of the E′α aiso value
with literature is likely due to having carried out a fitting involving both aiso and
aaniso in contrast with previous work only based on aiso [107]. For all samples in
which E′δ defects are observed, we find that the E′γ effective hf splitting (distance
between the top of the simulated absorption-like signals) is 421-424 G, that is,
somewhat larger than the common 418 G value [102]. The increased splitting has
been ascribed to enhanced local strain in the vicinity of the E′γ defects [102]. Local
strain in the oxide may be beneficial for E′δ defect generation.
4.4.3 Al-related signals
During second harmonic saturation mode measurements over enhanced magnetic
field range, we noticed the presence in some samples of a low intensity 6-line
spectrum which was readily traced back as originating from the Al E′ center
[46, 47], the 6-line structure stemming from the interaction of the unpaired electron
with an Al nucleus (I = 5/2; η = 99.9 %). The observed signal is demonstrated in
Fig. 4.6, showing a RT Q-band second harmonic saturation spectrum observed on
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a γ-irradiated (200 kGy) KI sample. Inferred defect densities are listed in Table 4.2.
Since the signal eludes standard first harmonic detection (too weak), these have
been determined from the second harmonic saturation spectra through simulation
of the observed spectra (see below) and assuming similar saturation behavior of
the Al E′ and E′γ centers: the intensity of the 6-lines spectrum simulation was
compared to that of the 420 G E′γ doublet detected in the same scan, where the
correct E′γ defect density (associated hf doublet is 4.67 % of the central line) is
independently obtained from standard first harmonic spectra by comparison to a
co-mounted marker. Optimized Al E′ signal simulation was obtained using ESR
parameters: aiso = 416 G, aaniso = 16 G, giso = 2.0011, ganiso = 0.0007, a Gaussian
distribution in aiso of spread ∆aiso = 26 G (standard deviation), and a Gaussian
convolution function of width ∆Bpp = 12 G. To emulate this distribution on aiso
we have calculated spectra for 20 aiso values evenly spread over the whole Gaussian
aiso interval, and added the weighed spectra to obtain the simulation shown in
Fig. 4.6. While reliable relatively, the inferred densities in absolute terms should
be considered rather as indicative. As it is clear from Table 4.2, the Al E′ signal
is observed, before annealing, in γ-irradiated samples, but only in those that also
show the E′δ signal (the E′δ-glasses); annealing at ∼326 ◦C eliminates the signal.
The Al E′ center, first observed by Brower [46, 47] in natural vitreous silica
exposed to ionizing irradiation, was attributed to an electron captured on an
27Al atom in a Si-substitutional position bonded to three oxygen atoms in a-SiO2
matrix. Pertinently, the center was found to need a charge compensator to remain
paramagnetic (ESR-active) above 57 ◦C; it stays paramagnetic up to 277 ◦C if
stabilized by alkali ions and up to 377 ◦C if hydrogen is involved, otherwise it
turns to its neutral, diamagnetic Al≡O3 (AlO03/2) state. As analyzed in detail
[46, 47], the hf coupling matrix is influenced by the compensating agent. On these
grounds, we may conclude that in the current case the compensating agent [47] is
likely Na+, an assignment apparently in agreement with the observation that the
signal disappears after annealing at 326 ◦C.
Upon annealing (Tan ≥ 326 ◦C) the Al E′ signal disappears in all the E′δ samples.
As illustrated in Fig. 4.7 showing a first harmonic RT X-band spectrum taken
on γ-irradiated (200 kGy) and subsequently annealed (∼336 ◦C) KI silica, there
is a prominent broad signal overlapping the E′-defect range. The superimposed
simulation represents Lorentzian broadening functions of width ∆Bpp1 = 6.0 G,
∆Bpp2 = 6.5 G, and ∆Bpp3 = 10.5 G broad along the principal g1, g2, and g3
axes respectively, the g values reported in the literature for the [AlO4]0 center in
both crystalline [42, 43] and vitreous [44] SiO2, that is, g1 = 2.060, g2 = 2.00854,
g3 = 2.00195, and [43] aiso(27Al) = 8.4 G. The satisfactory fitting convincingly
assigns this signal (also reported in previous ESR work [271] on E′δ) to an Al atom
substituting for a four-coordinated Si with an unpaired electron on a 2p nonbridging
oxygen orbital [43]. This signal, extending over ∼100-G wide range at X-band (cf.
Fig. 4.7), comes as a background on top of the E′ spectra; it poses no problem,
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Figure 4.6: Room temperature Q-band second harmonic saturation spectrum (full
curve) observed using Pµ = 1.6 mW and Bm = 1.5 G on sample KI after 200
kGy γ-irradiation in the as-irradiated state, clearly showing the 27Al hf six-line
spectrum of the Al E′ center. The superimposed dashed curve represents an
optimized computer simulation giving aiso = 416 G, aaniso = 16 G, a Gaussian
distribution in aiso of ∆aiso = 26 G, giso = 2.0011 and ganiso = 0.0007, and where
a Gaussian convolution function of width ∆Bpp = 12 G has been used. For more
details, see text. The main 420-G E′γ hf doublet is also marked. The off scale
central part of the spectrum corresponds to the E′ main signals.
i.e., not observably, for small-width small-Bm sweeps probing the central E′ center
lines (see e.g., Fig. 4.2). Yet for broader sweeps probing the E′ hf structure using
high(er) Bm, it does interfere. So, its presence has to be additionally taken into
account for correct spectroscopic assessment of the E′δ (100-G doublet) hf structure
(cf. Fig. 4.7, where the high-field 100-G doublet signal is marked by arrow 2).
4.4.4 E ′δ spectrum and lineshape
As concluded previously, over all the a-silica samples studied and treatments
applied here, the γ-irradiated (200 kGy), subsequently annealed (315-336 ◦C), KI
sample turns out as the best one for the study of E′δ signal and corresponding
hf structure. Figure 4.8 shows the low power first harmonic ESR spectra of the
E′ main signals measured on γ-irradiated (200 kGy) and annealed (∼336 ◦C) KI
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Figure 4.7: First harmonic X-band RT spectrum (full curve) observed using Pµ
= 0.01 mW and Bm = 2.5 G on sample KI γ-irradiated to a dose of 200 kGy and
subsequently annealed at 326 ◦C (8 min). In addition to the summed central main
Zeeman E′α, E′δ, and E′γ signals (off scale), the spectrum shows the [AlO4]0 signal.
The high field components of the 74 G and 100 G hf doublets are indicated by
the arrows (1) and (2), respectively (the low field components are masked in this
high power scan by the overlapping [AlO4]0 signal). The dotted curve represents
a powder pattern simulation obtained using g1 = 2.060, g2 = 2.00854, and g3 =
2.00195, Lorentzian broadening functions of width ∆Bpp1 = 6.0 G, ∆Bpp2 = 6.5
G, and ∆Bpp3 = 10.5 G along the principal g axes, respectively, and aiso(27Al) =
8.4 G. The figure clearly illustrates that it is the Lorentzian tail of the [AlO4]0
signal which predominantly disturbs the indicated hf structure, not the Gaussian
tail of the central E’ signals.
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Figure 4.8: First harmonic low-power (Pµ < 1.6 × 10−7 W and Bm < 0.25 G)
spectra of the central E′ signals measured on annealed γ-irradiated (200 kGy) and
subsequently annealed (336-346 ◦C; air) KI samples at the microwave frequencies
and temperatures indicated. Superimposed on each spectrum (dotted curve) is the
weighed sum of separately optimized simulations of the constituent E′α, E′γ , and
E′δ signals using the g values listed in Table 4.1 but different broadenings for the
different microwave frequencies.
silica in 4 spectrometers at 4.2 K or RT, as indicated. The Jeol X-band cavity,
providing the largest sample space, enabled to fit in three samples bars (≈2 ×
2 × 10 mm3) at a time; For the other spectrometers, this was restricted to a
single bar only. As the operational microwave power of the Q-band spectrometer
cannot be sufficiently reduced, signal saturation prevents correct extraction of the
absolute defect densities (e.g., Fig. 4.8 bottom spectrum): only the spectral shape
parameters obtained from simulation are considered reliable. The dotted curves in
Fig. 4.8 represent optimized spectra simulations obtained as weighed sum of the
individual E′δ, E′α and E′γ signal simulations using the parameters listed in Table
4.1 and Gaussian convoluting lineshapes. From X- and K-band simulations like
these we obtained the individual E′δ, E′α and E′γ defect densities.
For the splitting of the E′δ hf doublet we measure 100 ± 1 G for all three
microwave frequencies, independent of T in the interval 4.2 - 300 K. Figure 4.9
shows representative high Pµ second harmonic phase quadrature spectra observed
at various microwave frequencies and temperatures on annealed (∼336 ◦C) γ-
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Figure 4.9: Second derivative phase quadrature saturation spectra (Pµ < 1.6 mW,
∆Bpp < 1.5 G) obtained on the same KI samples as dealt with in Fig. 8. The
superimposed dotted curves each represents the weighted sum of the simulation of
two isotropic doublets using Gaussian shapes, corresponding to the E′74 74 G and
E′δ
29Si 100 G-split hf doublets, as indicated. The extracted simulation parameters
were used for disentangling of the corresponding direct detection (first harmonic)
mode spectra shown in Fig. 10. In the K-band spectrum (middle curve) the left
side is overwhelmed by the [AlO4]0 absorption signal (off scale at the low magnetic
field side of the spectrum).
irradiation KI silica, focused on the E′δ hf structure spectral region. In this
detection mode the hf signals appear as closely resembling the direct absorption
shapes, and because of the offered enhanced sensitivity, these spectra were taken to
analyze, in a comparative manner, the E′δ hf signal shape over various observational
T’s and microwave frequencies. From spectral simulations, optimized at the less
perturbed high field signals (cf., dotted curves in Fig. 4.9), it is inferred that
both the 74 G and 100 G doublets peaks shape in closely Gaussian of half-width
at half height ∆B = 3.7 ± 0.5 G and 15 ± 0.5 G, respectively, independent of
observational Pµ and T. The constant broadening likely results from strain-induced
spread in (principal) hf matrix constants (aiso, aaniso). This assembled information
is considered essential for the final step in analysis, that is, correct interpretation
of the ultimate properly measured first harmonic E′δ hf structure.
Since the E′δ center is part of the same defect family as E′γ (and perhaps E′α) for
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which we need anisotropic hf matrices to correctly simulate the corresponding
doublets, we also tried to fit the 74 G and 100 G doublets using appropriate
anisotropic hf matrices. Yet, due to the rather small hf splitting of both doublets,
the added hf anisotropy is barely affecting the doublet shapes. Therefore, within the
view of limiting the fewest number of variables for the same result, we simulated the
doublets as being isotropic Gaussians, but still recall that an anisotropic lineshape
may be fitted as well.
Unlike X- and Q-band observations, in the K-band low-T (4.2 K) saturation spectra
we also observe the [AlO4]0 absorption signal, probably due to a favorable choice
of parameter settings (see e.g., Fig. 4.9). That is why for the 20.55 GHz spectra
we restricted the simulations to the high-field peaks (cf. Fig. 4.9).
Since the E′ central signals and the 100 G doublet hf peaks show distinct differences
in their widths, amplitudes, and saturation levels, we choose to adapt part of the
measurement parameters, like Bm and Pµ, so as to individually optimize the signal-
to-noise ratio for each type of signal studied, yet without distorting it. For this
reason, measuring the two groups of signals in the same scan proves not optimal, so
we measured them separately but carefully compensated for the different parameter
settings used when calculating the corresponding intensities and densities.
As a main focal point, Fig. 4.10 shows zoomed in low Pµ and Bm first harmonic
spectra observed at various Pµ’s and T’s of the high field component of the E′δ
hf doublet, with on top, the analogous 74-G doublet component (marked (2) and
(1), respectively). The signals have been corrected for an underlying Lorentzian
background pertaining to [AlO4]0 centers. Indeed, as evident from Fig. 4.7, the
high field E′δ hf peak is mainly perturbed by this [AlO4]0 signal shape and not
by the tail of the central E′ signals. The dotted curves in Fig. 4.10 represent
optimized simulations for which the previously inferred information (lineshape,
broadening) from the corresponding saturation spectra has been consistently used.
Finally, from this detailed hf structure analysis combined with the (previously)
inferred intensities of the central E′δ ESR signal, we obtain over the analysis of
various spectra for Rhf the values: (19.7 ± 2.5) % at 4.2 K and (20.3 ± 2.0) % at
RT from X-band measurements, and (20.9 ± 1.3) % for the K-band 4.2 K data,
where the error bars represent standard deviation. While reassuringly coinciding
within experimental error, the data directly and importantly show Rhf to be
T-independent over the range 4.2-295 K. It indicates there would be no dynamic
averaging effects of the unpaired electron involved. Taking the average over all the
data points obtained from measurements at different frequencies and temperatures
we obtain, as a global average, Rhf,av = (20.3 ± 1.9 %).
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Figure 4.10: First harmonic low power mode ESR spectra measured at various
microwave frequencies and two temperatures on the sample the 60Co γ-irradiated
KI samples addressed in Figs. 4.8 and 4.9. The spectral window is focused on
the high-field signals of the 74-G (1) and E′δ 100-G hf (2) doublets, as indicated.
The observed curves have been corrected for an underlying Lorentzian background
shape pertaining to the overlapping [AlO4]0 signal. The dotted curves represent
optimized simulations making use of the previously derived spectral information
from measurements such as shown in Figs. 4.7 and 4.9. In combination with
the analysis of the central E′δ signal, the Rhf ratio inference was based on these
simulations, leading to an average value Rhf,av = 20.3 ± 1.9 %.
4.5 Analysis and discussion
4.5.1 E ′δ occurrence and stability
Over all the vitreous silica glasses studied, and the three types of irradiations
applied, we found that the E′δ signal could only be produced in three kinds of
silica: PH370, Infrasil 301, and KI (cf. Table 4.2), and this only, yet always also,
by two types of damaging: VUV (10.0 eV) and 60Co γ-rays. But with the E′δ
signal barely detectable in the as-irradiated state, the later method requires an
extra post-irradiation short anneal (∼326 ◦C; 8 min) to fully turn on the E′δ defect
signal (∼103 fold increase). No such anneal is required after VUV irradiation. No
E′δ could be produced by UV photons (hν ≤ 6.5 eV) in agreement with previous
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work [301, 305]. Only E′α and E′γ signals were observed.
We should underline the fact that the VUV and 60Co γ-irradiations came as a match
for each other in terms of effective E′δ production. Given the distinct disparity
regarding energetic quantum (10 eV vs. ∼1.17 - 1.33 MeV photons), this clearly
bears out the importance in glass nature for E′δ occurrence in that it must meet
some precursor requirements such as, likely for the current case, O-deficiency and
possibly, the presence of charge compensating units.
Furthermore, comparison of UV with VUV and γ-irradiation results suggest that
E′δ signal activation starts from preexisting sites: indeed, the observation that the
E′δ signal appears after irradiation with hν > Eg,SiO2 (the SiO2 band gap; over
band gap excitation) indicates ESR defect activation as a result of ionization rather
than displacement process. Also, as to the applied UV doses, the two-photon
process [306] appears insufficient for the E′δ activation to a detectable level, unlike
E′γ and E′α. We further notice that, compared to γ damaging, VUV irradiation
appears exhaustively efficient on this matter as an additional thermal step only
slightly increases the E′δ signal. In one view, if change compensators are involved
[45], it might indicate that an intense fluence of VUV photons over a limited volume
may enhance compensator migration at RT.
As to γ-irradiation, the maximum volumetric E′δ density of ≈1.1 × 1016 cm−3 is
obtained for KI silica subjected to 200 kGy 60Co γ-rays and subsequent thermal
treatment at 336 ◦C. For comparison, VUV irradiation for 20 h of the same KI
silica results in an areal E′δ density ≈1.4 × 1013 cm−2 (determined from the main
central ESR line) located in the thin surface layer it penetrates. If assuming a mean
VUV penetration depth [297, 298] of ∼10 nm, this would translate to a volume
density of ∼1.4 × 1019 cm−3 –much larger than the above volumic density obtained
by 60Co γ-irradiation. However, this value is likely overestimated: if assuming, as
likely, that the over bandgap e-h pair production is essential in ESR-activating
E′δ defects, the much deeper diffusion of e-h pairs (orders of magnitude) [307] will
result in a more likely local E′δ density in the range (1-10) × 1016 cm−3, compatible
with the 60Co γ-irradiation result. Yet, it cannot be excluded that SiO2 layers
closer to surface are more prone to E′δ production as, e.g., reported before for BOX
[118]. In the current work, the E′δ-glasses may be in that case (cf. Table 4.2).
Left in room ambient after production by irradiation, the E′δ signal was found
to bleach in time, though on a larger time scale than reported before [275]. For
VUV-activated E′δ centers, the decay time is &1 year, while & 12 year for γ-ray
treatment. This contrasts with the behavior reported for BOX samples, where
almost total bleaching of the E′δ signal is observed ∼days after activation with
positive biased corona/VUV activation [308] or conventional electrode positive
bias/VUV photoinjection [275], and weeks in the case of positive dc glow discharge
irradiation [275]. Interestingly, regarding this E′δ signal decay, the former ESR
work has suggested direct evidence for increase of the E′γ signal at the expense
126 Chapter 4: Atomic configuration of E′δ
of E′δ centers due to direct defect-defect hole transfer [308]. The fact that the E′δ
centers density saturates with VUV irradiation time indicates a generation from
precursor sites, which can be removed by reoxidation [274].
4.5.2 E ′δ: hf structure intensity
As firmly evidenced in previous ESR works [41, 271], the observed 100-G doublet
constitutes the principal hf structure associated with the E′δ center, showing close
correlation, both qualitatively and quantitatively, with the central E′δ Zeeman
signal. Various ESR studies on different types of SiO2 have led to the net conclusion
E′δ to be an E′-type intrinsic defect, i.e., no direct involvement of an impurity
in the defect kernel. So, based on the non-zero nuclear spin (I 6= 0) isotropic
composition of ordinary SiO2, the hf structure is logically ascribed to interaction
of the unpaired electron with the 29Si (I = 1/2; η = 4.67 %) isotopes. On grounds
of ESR feasibility considerations, interaction with 17O (I = 5/2; η = 0.034 %) is to
be excluded as alternative.
As outlined, a decisive key factor in steering reliable atomic defects modeling is the
number n of (nearly) equivalent Si sites involved in the hf interaction, that is, over
which the unpaired electron wave function is delocalized. This must be obtained
from correct determination of the ratio Rhf (η, n) which for small η values is given
to good approximation by the expression in Eq. 1.25, where the simultaneous
occurrence of two or more I 6= 0 isotopes in a shell has been neglected (for Si,
maximum error <0.2 % for n < 6). The expected values for Si shells (n = 1-6) are
listed in Table 1.1.
Comparison to Table 1.1 of the experimental value Rhf,av = (20.3 ± 1.9)%,
measured by the orthodox first harmonic non saturation mode, clearly shows that
the n = 2 case (Si2 dimer model) invariably promoted by theory is to be ruled out
definitively, in agreement with previous result [271]. In passing to remunerate first
assignment [41], there should thus be an overturn in the attitude in labeling, that
is, discontinue the usage of the label E′δ, first given to the observed ESR spectrum,
for the Si2 (charged Si dimer) defect calculated by theory [93, 121, 286, 269]. In
fact, the comparison shows the experimental Rhf,av value falls between the n
= 4 and n = 5, closest to the former, so concluding the 4-Si case would seem
straightforward. Yet, some caution should be urged regarding this direct inference.
In line with scientific rigor, we here should refer to the experimental determination
of Rhf pertaining to other point defects involving unpaired sp3 Si hybrids in
Si/SiO2 entities. In this context, previous works have reported on measured Rhf
values generally somewhat smaller than expected, where the loss in hf intensity
was attributed to broadened portions of the 29Si spectrum lost in the noise [27]
as a result of varying local strain over the defect sites [309]. The further a hf
component is split out, the more strongly it becomes broadened as a result of the
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weak site-dependent modifications in the distribution of the unpaired electron’s
wave function over the interacting nuclei due to the local weak alterations in the
defect atomic structure when embedded in an amorphous, like a-SiO2, structure
(the glass effect) [303]. On this account, we cannot exclude n = 5 as a valid option.
Thus, on grounds of simply counting numbers of Si atoms figuring in atomic
models, the obtained experimental n = 4-5 result would seem to plainly select
out either Si4 or Si5 as suitable model. But, looking deeper, based on the current
strict result neither of these (4- and 5-Si) can be retained on theoretical grounds,
basically because, as jointly calculated [120, 121, 269, 285], the spin density of the
unpaired Si electron asymmetrises for whatever cluster model, in the sense it gets
localized to a large extent in an elongated bond between two adjacent Si atoms
(Si4), or primarily on a single Si atom (Si5), so these models would, like the Si2 one,
correspond to the n = 2 situation as well. This leaves us with an uncomfortable
hiat: there appears so far no acceptable atomic model for E′δ at hand. Hinging
on theory, it means our current perception of the E′δ center needs revolutionizing.
This conflicting situation will be elaborated upon below.
4.5.3 E ′δ correlation with Al-related defects
A noteworthy observation is that, as to the 60Co γ-irradiation damaging, we could
observe (generate) an E′δ signal (albeit after annealing) only in those vitreous
silica types also showing the Al E′ center (perhaps compensated by Na+ ion in
its vicinity) in the as-irradiated state; as is seen from Table 4.2, all three E′δ-silica
exhibit an Al E′ density in the range (3 - 5) ± 1015 cm−3. As also evident from
Table 4.2, no Al E′ signal could be detected after VUV irradiation, which, however,
does turn on the E′δ ESR signal. This is ascribed to the limited penetration depth
of the VUV irradiation in SiO2, failing to establish an ESR-detectable sufficient
overall number of Al E′ centers within one ESR sample in the cavity. We further
notice that there seems no correlation between the occurrence of E′γ and Al E′.
So, the revealed systematic co-presence of Al impurities, here exposed in the form
of Al E′ centers, might suggest some determinative influence on E′δ generation.
Obviously, within the current admitted understanding of both types of defects, the
process cannot concern direct charge transfer between the centers, i.e., electron
transfer from the neutral E′δ precursor to the negatively charged Al E′ center. Yet,
dealing with charged defects, as admitted, the negatively charged Al E′ center
(without compensator) could operate as a charge compensator for the positively
charged E′δ. But apparently not so. Rather than both types of defects increasing
in tandem, their non-simultaneous observability indicates anticorrelation: The E′δ
centers seem to emerge at the expense of Al E′ defects. One possibility for the
disappearance of Al E′ centers upon annealing is through exchange, i.e., electron
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transfer, from the ESR-active Al E′ to a [AlO4]+ precursor, the latter now becoming
paramagnetic.
In this context, we may also refer to the various other ESR works reporting
the co-observation of Al-related defects in studies of E′-type centers in quartz
[43, 45, 271, 46, 47, 291, 310]. For one, Buscarino et al. in their work [291] on the
E′δ in v-SiO2 suggested a correlation between the E′δ and E′γ activation and the
presence of [AlO4]0 centers, in the sense of hole transfer during thermal treatment
(T ≥ 500 ◦C) from [AlO4]0 to diamagnetic E′ precursors. Such limited correlation
was previously concluded [45] to exist between the production of the E′1 centers
and [AlO4]0 concentration, through continuously adding that the E′1 production
may be more complex than simple hole transfer.
In these schemes, discussing the correlated presence of Al-related defects and E′
center activation, the key influence of charge compensators has emerged [45, 46, 47].
In an archival work, the aspect of charge transfer between negatively charged [AlO4]-
and neutral AlO3 entities upon irradiation, and correlated movement of charge
compensators has been demonstrated by Brower [46, 47]. In this perspective, the
essential point in co-observation of Al E′ centers may be bearing out the importance
of charge compensators for E′δ activation.
Finally, in keeping with scientific objectivity, one may take a totally contrasting
view, deferring any correlation: the ESR observation of Al E′ centers might just
constitute one more evidence for the E′δ-silica being O-deficient [47], an admitted
requirement for a silica glass to enable E′δ production. So, while the presence of
Al impurities seems not merely coincidental to E′δ activation, understanding its
precise correlative nature must await further detailed experimenting.
4.5.4 Lack of Si dimer (Si2) signal
With the E′δ ESR signal decisively excluded as pertaining to the positively charged
Si dimer (Si2) defect, we (still) face the astonishing situation that the latter center
has so far not been experimentally observed, at least not recognized as such -this
unlike broad and concurring theoretical outcome, favoring the occurrence of this
center as a natural defect in both crystalline [93, 283, 284, 286, 287] and amorphous
[109, 269, 289] SiO2. Upon hole trapping at the neutral O-vacancy precursor site
(O3 ≡Si-Si≡O3) in c-SiO2, the (calculated) probability for either ending up in
E′δ or E′1 formation is calculated to be close, although the actual value may be
somewhat uncertain [93, 283, 311]. As to a-SiO2, it has been calculated that ∼80
% of the single O vacancies would remain in the dimer configuration upon hole
trapping [289]. What is the origin of this apparent paradox? There may be several
suggestions:
In a first view, it might simply result from the idea of unfavorable ESR signal
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properties, such as excessive line broadening, preventing Si2 observation on pure
experimental grounds. Yet, based on general ESR experimental experience with,
and insight on, E′-type defects in SiO2, this suggestion can hardly be retained.
As another spectroscopic feature a second more far-fetched possibility may start
from the notion that the theoretically predicted ESR properties for the positively
charged Si dimer (Si2), i.e., regarding g matrix and hf doublet splitting (yet not
relative hf structure intensity) comply with the experimental E′δ properties. So,
should the Si2 defect persistently coexist only as a limited fraction (say . 20
%) of E′δ, it will remain spectroscopically unresolved, including, within current
experimental error, what concerns the observed Rhf value -a case of inextricable
signal overlap. In this context, we notice that previous work [275] has suggested
the existence of two E′δ variants. Obviously, such overlap (n = 2 for Si2) would
result in effective lowering of the relative hf structure intensity, so that the true
Rhf value of E′δ will be larger than actually measured. But then, of course, the
question arises:Why E′δ-silent silica is (only) showing E′1 (E′γ) and E′α signals?
This leads us to a next possibility, based on calculated defect formation energies.
A theoretical work on c-SiO2 (α-quartz) concludes [283] that the formation of a
positively charged Si dimer is, compared to that of E′1, energetically unfavorable.
So, E′1 will be the dominant E′-type defect in (damaged) c-SiO2. But apparently,
while supported by one work [93], it is contradicted by other theoretical works
[109, 289, 311] on E′-type centers in a-SiO2. Yet, in this respect, as cautioned
by Mukhopadhyay et al. [109], we note that the accurate prediction of relative
concentrations of possibly coexisting E′-type centers remains a key issue. It may
still appear undecided.
But perhaps, in a contrary view, the Si2 has already been observed: indeed, as it
stands today, the disproval of Si2 as E′δ model has only been correctly established in
commercial 60Co γ-irradiated fused quartzes and, perhaps to a different extent [119]
in CVD-made silica subjected to x-rays. Should, e.g., dissimilar defect generation
schemes (e.g., different types of samples, irradiation etc.) result in generation of the
supposedly two types of centers in different proportions, then unless ascertained by
correct analysis of the 29Si hf structure, one cannot be sure about the exact origin
of the observed spectrum in terms of originating defect. It may all appear rather
far-fetched, but if true the anticipated highly isospectral appearances of E′δ and Si2,
utmost care is required, the more given the fact that the experimental situation is
invariably aggravated by overlapping intense signals of other co-existing defects.
4.6 Conclusions and final remarks
A multifrequency ESR study has been performed on E′-type point defects in
amorphous silica, with main focus on the E′δ center, for which a trustworthy atomic
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model remains elusive. This has been carried out at both cryogenic and room
temperatures using two types of ESR detection modes on six types of commercial
vitreous silicas, subjected to three types of irradiations (UV, VUV, and 60Co γ
photons), with the intend to provide a consolidating expanded and statistically
relevant set of data, over a broad range of ESR variables, on the 29Si E′δ hf structure
-all aimed to further decisive atomic modeling. Much effort has been devoted to
correct determination, by means of orthodox non-saturation cw first harmonic
mode ESR spectroscopy, of the relative intensity Rhf (η, n) of the associated 29Si
hf structure to the central Zeeman signal. The investigation has lead to several
results.
The E′δ signal could be generated only in three types of a-silica, and only, yet
always, by two types of irradiation, i.e., VUV and 60Co γ rays. This suggests
that E′δ generation predominantly starts from preexisting sites where the signal
‘switching on’ after irradiation with photons hν > Eg,SiO2 (e-h pair generation)
indicates as key scenario activation as a result of ionization rather than atom
displacement processes. We further notice that, unlike VUV, the 60Co γ-irradiation
damaging requires an additional mild thermal step (Tan ' 320-350 ◦C) to fully
expose the E′δ signal.
Apart from Si E′-type centers, Al-related defects were observed as well. Besides
the ‘common’ [AlO4]0 center, using second harmonic saturation spectroscopy,
the Al E′-defect is revealed in as γ-irradiated silica, but pertinently, only in
those three showing the E′δ center as well –bearing out these glasses to share (a)
structural/compositional aspect(s) fit for common E′δ and Al E′ generation. Upon
additional annealing, the E′δ signal is seen to ramp up at the cost of the vanishing
Al E′. While direct inter-defect charge exchange is likely to be excluded, yet, the
correlated occurrence of both types of centers might suggest some indirect effect of
Al-related centers in the E′δ appearance. For one, it could signify some indirect role
of charge compensators in activating and/or stabilizing E′δ centers. The observation
may inspire future work. However, in a contrasting view, the co-appearance of E′δ
and Al E′ centers in the same glasses might just be seen as putting forward one
more evidence one is dealing with O-deficient a-silica, as admittedly required for
the occurrence of E′δ centers.
As a main result, the various Rhf,av values measured on the γ-irradiation KI-type
a-silica are found reassuringly coinciding (within experimental error) over all three
observational frequencies and temperatures applied. The obtained average value
(Rhf ≈ 20.3 %) points to 29Si hf interaction of the unpaired E′δ electron with n =
4(5) equivalent Si sites in a shell, herewith, in line with a previous result, decisively
refuting the repeatedly proposed positively charged Si-dimer (Si2) model for the
E′δ center. The bare as-inferred value would plainly point to the n = 4 case, as
initially proposed, yet, it is felt the n = 5 case cannot be excluded, and in fact is
given full consideration, in view of previous experience with measurement of 29Si
hf structure of the Si dangling bond defects.
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In fact, according to current theoretical insight, none of the thus far advanced
atomic structures can be retained as valuable candidate basically because the Si4
and Si5 models, like Si2, essentially correspond to n = 2 and n = 1 cases a result of
the localization of the unpaired spin density to large extend, either in an elongated
bond between a pair of Si atoms (Si4), or primarily on a single Si atom (Si5):
the unpaired spin does not delocalize over the entire cluster, whose reduction in
symmetry of the electron wave function was attributed to the dynamic Jahn-Teller
effect. Although E′δ is widely accepted as a member of the specific O-vacancy
related E′-defect family, clearly this leaves a paradoxical situation.
As a corollary, attention is called for consistency in labeling, that is, the use of the
E′δ label, a defect spectrum observed by ESR, for the Si2 model propagated by
theory, should be discontinued: Si2 is not E′δ.
The E′δ ESR signal parameters (such as g matrix, linewidth) as well as the hf
structure are shown to be T-independent in the range T = 4.2-300 K, indicating
that, should there be involved any dynamical averaging process over electronically
equivalent defect configurations, it must so already be established at T < 4.2 K,
putting strict limits on such possibility. As the hf data reveal, neither does there
occur any T-dependent redistribution of the unpaired electron orbital over adjacent
atomic (Si) sites. It all points to an electronically rigid structure. So, if E′δ is
admitted to be a delocalized electron center, it will concern a chemically fixed
delocalized bonding (arrangement).
With the revealed incompatibility of the Si2 model with the E′δ center, it appears
that we have slided into the situation that over the numerous ESR studies carried
out on SiO2, the existence of the former has, so far, not been experimentally
demonstrated, which, depending on E′s view, may come as a surprise. It leaves an
uncomfortable hiatus in insight, for which several possibilities may be offered. As
a tentative, perhaps naive one, the Si2 defect may have escaped ESR evidencing
as a result of its projected, closely isospectral ESR appearance as the E′δ signal,
so it may remain unresolved should it, for some unknown reason, only occur as a
limited fraction of E′δ. More possibilities have been discussed in the text.
Finally, in assessing the implications of the current work, more research will be
required regarding modeling of E′δ in vitreous SiO2 and, correlated herewith,
establishing, perhaps also experimentally, the fate of the anticipated Si2 centers.
As alluded above, this research may be hampered by the very exceptional encounter
of dealing with two variants of the defects showing highly isospectral ESR
characteristics (apart, of course, of the respective Rhf values). It may inspire
theoreticians to take a next step is the demanding task of modeling of defects in
a-SiO2 that is taking into consideration additional complexing factors, such as the
occurrence of charge compensators, dynamical averaging phenomena, and influence
of H.

Conclusions and future work
This work is concerned with an elaborate ESR study of, mostly native, point defects
in different kinds of structures consisting of nanocrystalline-Si particles embedded
in an a-SiO2 matrix. This includes superstructures manufactured through thermal
treatment of the as deposited SiO/SiO2 multilayers on Si, and Si+ implanted
thermal SiO2 assisted by in situ UST. Additionally, the efforts given to trace the
true atomic nature of the illusive E′δ defect in a-SiO2 can be seen along these lines.
We monitored and characterized the different varieties of point defects in those
structures both in the as-produced state as well as after different treatments such
as annealing in different ambient gases (N2, Ar, room ambient, H2) as well as pre-
or post-anneal irradiations (UV, VUV, and 60Co γ-rays) to alter the paramagnetic
point defect densities, that is, lowering them in the case of nc-Si’s but increasing
them in the case of E′δ defect investigation.
As to nc-Si/SiO2 superstructures, an important result attained by combining
extensive ESR and PL spectroscopies using passivation and depassivation of
paramagnetic defects is to demonstrate the possibility of switching from defect
related PL to quantum confinement originating PL and viceversa in the same
sample.
Another major result indicates that, in fact, Pb(0) point defects are quenching the
PL emission of nc-Si in a-SiO2.
Relying on the known properties of Pb-type defects in standard microscopic
Si/SiO2, the data in this thesis would comply with Si nanocrystallites, in average,
predominantly bordered by (111) and (100) facets, perhaps with morphology,
schematically, of (100) truncated (111) octahedrons. Based on independent nc
particle counting, there appears to be one strain releasing Pb-type center for each
Si nc.
On the basis of the observed intrinsic point defects, the SiO2/c-Si nanoparticles
interface subjected to high-T annealing appears to approach that of standard
thermal Si/SiO2 structures. It indicates that the superb microscopic Si/SiO2
properties are retained down to the nanoscale. The structure proves to be stable
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from the viewpoint of the interface defects, without any inadvertent significant H
passivation of dangling bonds having occurred during sample fabrication.
The ambient used to anneal Si-rich SiO2 is influencing the atomic configuration
of the samples and to some extent the PL properties. N2 is diffusing towards the
nc-Si/SiO2 interface bonding into the structure. This results in local strain release
(25 % less Pb-type defects than in the Ar annealed samples) but also in a PL
signal blueshift that can be interpreted as resulting from the influence of different
polarities of the nc terminating groups such as O and N.
A connection between nc-Si size and strain release through Pb-type defects at their
interface with the surrounding matrix is a research line that can be followed to
assess the optimal size of the Si nanocrystals for the different intended applications.
This must be associated with an independent particle count for the different nc-Si
sizes.
A second main part of this work has addressed the influence of in situ applied
ultrasound during Si+ implantation in a-SiO2 thermally grown on Si. The in situ
UST during ion implantation has been reported previously to ensue a beneficial
effect on various properties, such as improvement of performance and reliability of
electronic devices, and stimulate cluster precipitation and growth. In the current
work, the ESR technique has first been applied to asses the effects of UST on
true atomic level, viz., probing of point defects and their behavior over various
treatments. This indeed reveals an impressive healing effect of in situ UST.
Our results indicate that in situ UST during ion implantation has a gettering effect
on the defects made by the implanted ions, resulting in defect density decrease, viz.,
Frenkel pair elimination, and the remaining paramagnetic defects are distributed in
a thinner layer than in the case of non-UST. The beneficial effects are retained also
after high-T anneal, resulting in the removal of virtually all ESR active centers.
Thus UST turns out to improve system relaxation and internal strain, producing a
reduced defect system with an interface quality approaching the one of the thermally
grown a-SiO2 on Si that is taken as reference.
In a final part, the atomic hf structure of the E′δ point defect in a-SiO2, focusing
on Rhf , was investigated extensively. The obtained value for the latter at different
microwave frequencies and measurement temperatures excludes the Si2 atomic
model advocated by theory, leaving the Si4 and Si5 models standing. Previous
experience with Rhf determination of other Si related defects in Si/SiO2 entities
make us incline towards the Si5 as the atomic model for this center.
During the research on the 29Si hf structure of E′δ center, the exclusive co-presence,
always, has been revealed of the Al E′ center in glasses in which E′δ centers could
be activated through irradiation –“the E′δ-glasses”; pertinently, the Al E′ could not
be traced in the E′δ-silent glasses. Perhaps, as one consequence, the co-occurrence
of Al impurities may account for the high stability of the observed E′δ defect in
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this work, that is, ∼1-2 years as compared to one week reported in other cases.
Although a direct correlation between the Al E′ centers and the E′δ centers is not
obvious, the presence of the two centers only in the E′δ-glasses indicates the need
of a correlative research following this line.
Lately, the solar cell industry is driving towards the nanotechnology approach in
an attempt to improve efficiency. Given the knowledge accumulated in the research
of nc-Si embedded in SiO2, ESR can prove to be a key technique in understanding
fundamental aspects regarding solar cells, and thus, potentially contributing to
find methods to improve the solar energy conversion efficiency.
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